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ABSTRACT
McCoppin, Jared Ray. Ph.D. in Engineering, Department of Mechanical and Materials
Science, Wright State University, 2013. Fabrication and Mass Transport Analysis of
Tape Cast Nano-Silver High Temperature Solder

The principal objective in this research was to develop a die attach method to
facilitate the use of wide band gap semiconductors in high-temperature environments,
and study fundamental mass transport in nano-initiated die attach microstructure at high
temperature. Low temperature sintering silver-nano-pastes have been demonstrated as an
effective method for die attach by other groups. Fabrication and optimization of the die
attach method in this work was accomplished via tape casting. A novel binder system
and a bimodal particle distribution were utilized. The tape casting method allowed die
attach materials to be pre-stressed. Fundamental understanding of creep deformation
process and creep analysis of the resulting silver microstructure was investigated for
isothermal stability over extended time.
The binder system played a significant role on the level of residual char left
within the sintered microstructure. Of the binders investigated, polypropylene carbonate
(PPC) resulted in the smallest amount of char residue at 0.6%. Decreasing the organic
concentration of PPC resulted in a tradeoff of lower green strength with increased shear
strength. Tapes formulated with 10wt.% of PPC binder resulted in viable tapes having
approximately 54MPa’s of shear strength. Bimodal distribution of nanopowder with
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micron powder reduced the need for nanopowder by 70%. Micron powder (1-3um)
resulted in comparable shear strengths with the nanotapes. Shear strength decreased as
particle size was increased above 5um. Pre-stressing allowed for the decoupling of diematerial fabrication pressure from the assembly pressure. Tapes pre-stressed to 212MPa
showed a significant improvement in green microstructure and shear strength over unstressed tapes. Relaxation during isothermal annealing of curved bimorph strips
monitored by laser beam deflection was used to measure changes in stress and showed a
logarithmic decay over time. Thermal cycling of the bimorph strips indicated the
material exhibited the Bauschinger effect.
In this work, low temperature sintering with silver nanotape has been
demonstrated as an effective method to attach a bare die. Optimization of the tape by
means of binder, organic concentration, bimodal dispersion, and pre-stressing resulted in
a state of the art method capable of shear strengths greater than 60MPa’s. Post sintering,
the microstructure exhibited recrystallization and grain growth due to surface diffusion
over prolonged thermal exposure. According to this work, die attach of purely nanosilver forms an effective bond at low temperatures but prolonged thermal exposure at
high temperatures results in creep and abnormal grain growth.
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FABRICATION AND OPTIMIZATION OF TAPE CAST NANO SILVER DIEATTACH

1

INTRODUCTION AND PURPOSE
Advancement in microelectronics based on silicon technology are reaching their

practical limits in the area of high temperature applications and is giving way to wide
band gap semiconductors (WBGS’s) such as gallium nitride (GaN), diamond, and silicon
carbide (SiC). It has been demonstrated that WBGS’s offer significant functionality over
traditional silicon technology[1]. Among the benefits of SiC are high intrinsic
temperature, high blocking voltage (increased electric breakdown field/voltage), reduced
thermal requirements, and high drift velocities making it possible for high frequency
switching (>20kHz)[2]. Comparison of silicon and silicon carbide shown in Table 1
quantitatively illustrate the beneficial intrinsic material properties of a WBGS[3].
Currently, silicon carbide wide band gap semiconductors operate with junction
temperatures (Tj) around 523K limited only by traditional packaging technology. Having
the capacity to operate at higher junction temperatures allows utilization of WBGS
electronic devices in extreme environments[4].
Table 1: Si & SiC electrical properties
Semiconductor Property
(Si)
Band gap (eV)
Dielectric constant
Breakdown electric field (MVcm-1)
Thermal conductivity (Wcm-1K-1)
Saturated electron velocity (cm/s-1)
Electron mobility (cm2V-1s-1)
Hole mobility (cm2V-1s-1)
Melting point (K)
Physical stability
Process maturity

1.1
11.8
0.3
1.5
1X107
1400
600
1690
Good
Very high

(SiC)
3.26
9.66
3.2
3.7
2X107
1000
115
3100
Excellent
Medium
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To meet the future challenges of high temperature applications, the electronic
packaging of WBGS devices needs to be improved. Specifically the die attach, which is
located between the die and the substrate. The die attach provides thermal and electrical
conductivity as well as mechanically securing the die to the substrate. However, current
limitations in the thermal performance of die attach materials reduces the effectiveness of
current die attach strategies to secure the die to the substrate. Compared to a silicon die
(Tj~423K), during operation of a WBGS, the die-attach experiences a higher junction
temperature (Tj>523K) resulting in failure of solders or adhesives typically used with a
silicon die. In this research, die attach packaging is addressed by providing an alternative
fabrication method (Tape casting), materials solution (nano & micro/nano silver powder),
and green microstructural stressing (axial compression) referred to from here on as prestressing. These routes allow for novel processing capabilities (low organic binding
system), effective bonding/sintering (temperature depression and Ostwald ripening
driving forces) and improved bonding (increased particle coordination number). Above
all others, the use of tape cast fabrication specifically allows a novel approach to resolve
die cracking failures by way of green microstructure stressing, which greatly expands
processing flexibility, potentially increasing shear strength and prolonging the life of the
die attach.
1.1

Background of the problem
While consumer-grade electronics are well served by silicon bandgap properties,

the temperature limitation of silicon electronics present particularly intractable problems
for high temperature sensing and power electronics applications. Semiconductor sensing
devices are used to measure temperatures, gas concentrations, light intensity, and
14

electrical, magnetic and gravitational fields across a wide range of application areas[5].
Many scientific and industrial sensing applications require measurements in high
temperature environments well above the operational range of silicon sensing devices.
For these applications, higher-bandgap semiconductors frequently form the base material
for temperature-tolerant sensors. In power electronics applications, semiconductor
devices are frequently limited by their temperature of operation. Generation of heat near
the active junctions of such power electronics devices can easily raise the temperature of
the devices by many hundreds of degrees Celsius, even when such devices are thermally
managed effectively. This results in limits of operation for silicon-based power
electronics devices. The uses of higher-bandgap semiconductors for such devices allow
realization of significant performance benefits as well as increasing operation into
extreme thermal environments.
Semiconductor electronic devices are facilitated and limited by the nature of the
semiconductor bandgap. While silicon-based semiconductor devices are mature, robust
and relatively economical, silicon electronics also possess fundamental limitations due to
the silicon bandgap, which is relatively small in magnitude (1.11eV). Specifically, as
device-operating temperature rises, the populations of thermally promoted electrons that
cross the bandgap eventually disrupt an electronic device’s ability to function. Every
semiconductor device has a fundamental temperature limit, which is a function of the
magnitude of the semiconductor bandgap (in addition to other variables). Wide band gap
semiconductors are classified as having a band gap of > 2.0eV and typically operate at or
above 523K. WBGS’s operating with a higher Tj may not affect the performance of the
semiconductor but high temperatures do compromise the device packaging.
15

1.2

Statement of the problem
In a semiconductor device, the packaging acts to secure the device, protect it from

electromagnetic interference, prevent chemical attack or corrosion, and allow generated
heat to dissipate from the active junctions of the device. The packaging materials and
strategies must maintain this complex suite of functions over the entire operating
temperature range of the device. Higher operating temperatures immediately affect the
die attach layer located directly under the chip/die. The die attach layer is part of the chip
packing responsible for conducting heat away during operation as well as securing the die
to the substrate. The die attach layer is the first component of the packaging that protects
the die from failures due to thermal cycling, thermal expansion, and thermal/mechanical
shock. Die attach solutions are readily available and quite effective for silicon dies but
have yet to be realized for exploiting WBGS’s high temperature capabilities.
1.3

Die attach solutions
Most die attach solutions were designed for low temperature operation (<423K),

and typically consist of organic/metallic composites or low temperature solders (< 573K).
However, these materials systems are not suitable for use at higher temperatures.
Operation close to the melting/softening temperature has significant adverse effects on
die attach longevity. The requirements for a high temperature die attach solution are very
stringent. Among the basic requirements are good corrosion resistance, good ductility,
solidus points >533K, liquidus points >673K, thermal conductivity >0.2-0.3W/cm-K,
thermal shock reliability, good thermo-mechanical fatigue resistance, low toxicity,
electrical volume resistivity < 100μΩ-cm, reasonable cost, and compliant CTE mismatch
between the die and substrate[6], [7].
16

It is also important to consider limitations and potential failures due to processing.
Typical high temperature bonding methods such as diffusion bonding and brazing have
proven to be ineffective. Diffusion bonding requires extremely high pressures and
temperatures that have the potential to damage the die and can affect the surrounding
packaging. Brazing the die to the substrate using silver, gold, or other high melting
temperature metal/alloys results in a high zero stress point, which is a critical issue in
high temperature packaging. When the braze consolidation temperature is reached, the
three layers become connected in a state of minimal stress. This temperature is known as
the zero-stress point. Once consolidated, any deviation from the zero-stress point will
introduce stress-strain fields in the package. Ideally, a zero-stress point roughly halfway
between room temperature and the junction temperature is desirable in order to minimize
thermally induced stress.
Current proposed solutions for the die attach are discussed in the literature review
section. The most promising current solution is generally considered to be a silver
nanopaste created by G.Q. Lu et al. circa 2002 [8]. Nano silver exhibits a phenomenon
referred to as temperature depressed melting, also discussed in the literature review.
Using this characteristic allows for a die attach layer to consolidate below the Tj and
possibly results in a zero point stress described above as ideal.
Although silver nano paste stands out as a viable solution, paste and its
application present their own challenges. A current review of die-attach materials for
high temperature applications by Manikam and Cheong indicate future trends will
revolve around using nano-scale materials, cheaper materials with good thermal and
electrical qualities, ease of dispensing and good flowability, ability to apply the die-attach
17

material directly onto wafers for processing and the use of low temperature and pressure
sintering[7]. When considering these materials characteristics, it is apparent that paste
falls short of some of these requirements. The organic constituents used to formulate the
nano-paste typically consist of a dispersant, binder, and solvent to maintain viscosity. As
the paste ages, its viscosity may change due to volatilization of the organics, decreasing
its flowability. Tape preforms eliminate the flowability requirement due to their static
nature. The introduction of cheaper materials (i.e. copper) into a paste requires additional
processing techniques, for example reduction and passivation to eliminate oxidation
issues of the nano-powder[9], [10]. Even if utilization of cheaper metals were achieved,
they would quickly oxidize at high temperatures requiring hermetically sealed packaging.
As an alternative, bimodal dispersion strategies allow for cost reduction via use of the
same metal (silver). Bimodal dispersion of the metal powders allows for replacement of
70% of the nano scale metal powder with more economical micron sized metal powder
without diminishing the tapes ability to effectively sinter[11]. Finally, Manikam and
Cheong indicated that “application” is of particular interest, specifically ease of
dispensing. Dispensing requires either screen printing methods or the use of high
pressures to move paste through narrow capillary tubes. Frequently, these pastes have
relatively low viscosity, directly resulting in a low solids loaded paste and possibly
eliminating the use of bimodal micro/nano formulas. Increasing the organic ratio
adversely affects the resulting porosity and the ability to effectively burn out interior
organics [12]. Tape casting may be an avenue to addressing these issues. In addition,
tape cast preforms allow for direct pick and place of the die attach layer.

18

In this work, self-decomposing organics along with dispersing bimodal Ag nanopowder with less costly Ag micro-powder is used to fabricate tape-cast preforms that can
be pre-stressed. This die attach solution may meet the future challenges discussed above
by reducing cost, increasing die size capability, providing consistency in composition and
dimension, as well as simplifying application by allowing for use with existing pick and
place technology.
1.4

Scope and importance of this work
In this research, the principal objective was to develop a die attach method that

would facilitate the use of wide band gap semiconductors in extreme environments and
investigate thermal stress in the die that are induced by the die attach as functions of
temperature and time.
Low temperature sintering of nanosilver powder via paste has been demonstrated
by others as an effective material and method for die attach. This research builds upon
the basic idea of low temperature sintering with nanosilver powder to demonstrate tape
casting as an alternative fabrication method for die attach. Fabrication and optimization
of the die attach method used in this work was accomplished by investigation into tape
casting, specifically the binder system, organic concentration, bimodal distribution, and
post processing. Furthermore, the zero stress point of the resulting die attach produced by
this method was investigated for stability at different temperatures over extended time.
Investigation into zero-stress-point creep aided in understanding actual high temperature
capabilities of sintered nanosilver based structures. This section of the research has a
broader impact on the field of high temperature die attach materials, beyond the tape-cast
materials that are the focus of this work.
19

Low temperature sintering with nanosilver-tape has been demonstrated as
an effective method to attach a bare die. Optimization of the tape by means of binder,
organic concentration, bimodal dispersion, and post processing resulted in a state of the
art method capable of shear strengths greater than 60MPa’s. This research is timely
because tape-casting nanomaterial is a promising route to achieving reliable highpower/temperature electronics packaging solutions. The use of nano and micro/nano
powder mixtures in the tape-cast form represents a recent breakthrough in the processing
of nanomaterial die attach solutions. The tape-casting route allows for novel prestressing and/or the inclusion of second phase materials e.g. copper, indium or CNT’s.
The study into zero stress drift indicated special consideration should be taken when
considering a materials solution. This research benefits the fields of high-temperature
power electronics and MEMS sensing by providing an effective die attach solution.
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2

LITERATURE REVIEW
Power electronics capable of operating at high temperatures provide

significant advantages for military, commercial, avionic, and locomotive
applications[13], [14]. The need for an economically simple and reliable die-attach
method for semiconducting devices in power electronics operating at high temperature
has been acknowledged by several researchers [15–19]. Typically, bonding requires a
processing temperature that exceeds the melting temperature of the joining alloy. This
method results in induced high stresses as the joint cools. The induced stress results from
a disparity in the thermal expansion between the die and the joint. Novel joining
techniques have been proposed by researchers that form high temperature joints at
significantly low processing temperatures, reducing the induced thermal stresses [20–28].
Traditional packaging materials such as solder alloys and conductive adhesives limit the
WBGS to temperatures below 573K due to their low solidus and decomposition
temperatures [1]. Current high temperature die attach strategies under consideration
consist of Ag-filled adhesives, Pb-Sn and other Pb-based systems, in addition to other
alloy systems based on Au, Zn, Bi, or Ag[6].
The use of elemental silver powder as a die attach material is a reasonable choice
due to its beneficial material properties[29]. Although the high thermal and electrical
conductivity are beneficial to the standard operation of power electronics, rapid migration
of the silver has become a major concern[30], [31], [32]. Still, current research within
Ag-based systems is primarily focused on high pressure/low temperature sintering of
silver flake, silver nano paste systems, and silver micro/nano sized powders.
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2.1

Silver diffusion
Silver is the primary component in the tape cast preform responsible for the

adhesion of the two faying surfaces. The diffusion of silver atoms is necessary for
consolidation and adhesion of the die attach layer but diffusion beyond consolidation may
be problematic. As a structural component of the packaging, it is important to
understand its mechanical behavior over time. The silver support structure (die attach)
undergoes thermal cycling as well as dwelling for extended periods at elevated
temperatures and therefor diffusion can become an issue.
2.1.1

Lattice, grain boundary, and surface self-diffusion in silver
The calculation of self-diffusion coefficients was measured by Hoffman et al.

using two methods, the sectioning method and a method developed by Steigman,
Shockley, and Nix[33]. In both methods, a radioactive isotope of silver was placed on
the surface of the sample under test. The sectioning method was used for measuring
diffusion of the isotope that occurred over a distance of a few mils; but for shorter
diffusional distances, Steigmans method was employed. Steigmans method relies on
measuring the active surface before and after the diffusional annealing.
From their experiments, Hoffman et al. concluded that the lattice self-diffusion
coefficient of silver over an extended temperature range is described by the equation:

(1)

The absolute grain-boundary diffusion coefficients fit the equation:
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(2)

and are independent of the grain size of the specimen[33]. According to Hoffman et al.,
the activation energy for lattice self-diffusion per atom is 2.1eV and for grain boundary
diffusion, it is 0.87eV.
In this work, it is postulated that surface diffusion is the main diffusion
mechanism due to operation at low temperature and the highly porous nature of the
microstructure. Antczak and Ehrlich wrote a book on the subject of surface diffusion
listing a handful of techniques for and giving measurement of activation energy for
surface diffusion in a variety of metals[34]. The three main methods used to measure
surface diffusion were field ion microscopy, field-electron emission microscopy, and
scanning tunneling microscopy. The physical events that occur and particular situations
that can arise are beyond the scope of this work but the activation energy for surface
diffusion of silver on a silver surface are summarized in Table 2. As expected, diffusion
of atoms requires the highest activation energy when bound inside the lattice, lower
energy at disordered grain boundaries, and the least energy at the free surface.
Table 2: Activation energy for surface diffusion of silver on silver surface
Method

Ref.

Ag – FCC (110) 1D diffusion
STM
0.279
STM
0.30+/-0.03
Ag – FCC (311) 1D diffusion
theory
0.26
Ag – FCC (331) 1D diffusion
theory
0.34

[35]
[36]
[37]
[37]
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2.2

Temperature depressed melting/sintering
The use of sintering technology is replacing traditional solders used in power

modules for high power applications[38]. This is due to its unique ability to sinter at low
temperatures and result in a high temperature resistant joint. As a particle of material
decreases in size, it follows the square-cube law. The volume decreases at a much faster
rate than the surface area of the particle. Surface atoms of a material have fewer
neighboring atoms than do bulk atoms requiring less cohesive energy to break away into
isolated atomic species. Along with the increasing surface to volume ratio, the surface of
the particle becomes highly curved further reducing the coordination of the surface
atoms. On the nano scale, the square-cube law and increased curvature becomes
significant allowing the low cohesive energy of the surface to play a substantial role in
lowering the melting point of the particle. The melting point depression phenomena can
be used to effectively aid in temperature depressed sintering. Sintering is the process of
bonding particles by means of atomic diffusion across the boundaries of the particles
using pressure and temperature. The onset of sintering in nanoparticles is consistently
reported to be significantly lower than conventional micro particles (0.2-0.4Tm as
opposed to 0.5-0.8Tm)[39]. Analytical models have been compared with experimental
data confirming these values[40]. Melting of nanoparticles below 20nm is kinetically
enhanced due to the excessive surface area and highly curved surface of the nanoparticle
resulting in high surface free energy.
2.3

Organic passivation controlled sintering
Organic passivation via steric stabilization along with the incorporation of a

binder is necessary to prevent nanoparticles from agglomerating and sintering at the onset
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of heating. Controlling the sintering temperature by passivation of the nanoparticles
works by maintaining physical separation of the nanoparticles until sufficient thermal
energy is available for favorable densification mechanisms to maximize sintering
behavior[41]. Depending on the binder system, rapid decomposition at elevated
temperature frees the nanoparticles to coalesce. The onset of densification occurs when
two particles come into contact, forms a neck through surface diffusion, and proceeds to
coarsen, reducing porosity. Due to the low sintering temperature of nanoparticles, as the
particles coalesce and coarsen it has been observed that further densification becomes
increasingly difficult, since the particles lose their nano enhanced kinetic effects.
2.4

Organic binder systems
Based on work by Bai and other literature, polyvinyl alcohol (PVA), polyvinyl

butyral (PVB), and polypropylene carbonate(PPC) were evaluated as binders for tape
casting nanosilver powder[42][43]. A study done by Gilman et.al identified a 4% char
residue was typical of the decomposition of PVA even with sufficient oxygen [44].
Studies by Sacks et al. showed that PVB leaves behind large amounts of residual char as
well[45]. It has been mentioned in the literature that it is difficult to sinter large areas
using silver nanopaste due to insufficient diffusion of oxygen required for full
decomposition of PVB [12], [43].

Mistler and Twiname identify polypropylene

carbonate (PPC) as a special binder of note for tape casting since it decomposes fully in
any atmosphere, including vacuum, and leaves negligible binder residue in the sintered
part [42]. Yan et.al investigated the decomposition of PPC identifying that it first
undergoes depolymerisation into a propylene carbonate liquid and subsequently
vaporizes away leaving behind no residual char[46]. As an alternative, the polypropylene
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carbonate (PPC) binder system was evaluated and yielded significantly less char and
better mechanical properties. This is attributed to the decomposition profile of PPC,
which does not require any oxygen to decompose.
2.5

Bimodal dispersion: micro/nano
The porosity of a packed body of spherical particles is strongly affected by the

particle size distribution. Since the mechanical properties of sintered or consolidated
bodies can be strongly affected by porosity, particle size distribution is an important
factor to consider in powder consolidation processes. As one example, bimodal mixtures
are known to improve packing density. This allows for reduction in the binder content
and reduces the sintering shrinkage[47]. Less shrinkage allows for dimensional control
and uniformity. Modeling of efficient packing of bimodal dispersion of spherical
powders where one size is an order of magnitude smaller than the other has been shown
to achieve a packing factor of close to 86% compared to 74% for monosized spheres[48].
However, based on a model by German, it has been suggested that increasing the fraction
of large particles decreases the sintered density[49]. This is due to mechanical restriction
that the large particles place on the overall compact as the small particles sinter together.
German’s model predicted the sintered density of various bimodal powder mixtures and
found that the highest density came from using 100% small powder. Due to this
reasoning, the academic research on nanosilver interconnection materials has focused on
pastes composed of purely nano particulates, as a route to maximum density and
mechanical strength. However, when German correlated his model with experiments he
found cases where the sintered density is highest at compositions near 70% large powder.
This occurs when sintering temperatures are relatively low or sintering times are short.
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Bimodal particle blends are commonly used in conventional powder metallurgy to
increase the packing density beyond that of monosized particles. This is because the
smaller particles occupy the interstitial void spaces between the larger particles. The
particle size ratio is the key factor in increasing the packing density. Typically, anything
above a ratio of 20 will effectively increase the packing factor to approximately 85%
(74% for FCC) [49]. The next factor affecting the packing density is the large particle
concentration where the large pore-free-particles form the bulk of the blend. The most
effective concentration for two spherical powders with a large difference in in particle
size occurs at 73.4 wt. percent large particles, where just enough of the small particles fill
the void space without pushing apart the larger particles[50]. While it is believed that
73.4 wt. percentage large particles are optimal for dry powder mixtures, at this ratio the
inclusion of an organic binder prevents effective incorporation of the nano powder. This
porous structure is observed in unstressed micro/nano samples. Pre-stressing tapes at
this ratio of large particles aids in filling the void space but it may be more effective to
reduce the ratio of particles to approximately 50/50.
Increased packing factors can be quite beneficial in conventional sintering where
every particle is contributing in the sintering process. However, at the low temperatures
and pressures used in this research, the macro-powders do not play a significant role.
Instead, an analog brick-and-mortar effect can be considered. When the powder blend is
monosized, at the onset of organic decomposition the grains coalesce and coarsen
homogenously until they lose their nano enhanced kinetic advantage. At this point
densification is arrested requiring more time, temperature, or pressure for further
densification[41]. The resulting microstructure is a homogenous small-grained porous
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metallic structure. On the other hand, when the powder consists of an effective
micro/nano dispersion that is properly consolidated, subsequent to organic
decomposition, surface mediated Ostwald ripening may occur along with nano enhanced
kinetic sintering. The process is a function of particle curvature where the chemical
potential of the process is dependent on the radius of the particles[51]. The resulting
microstructure should be a significantly larger grained microstructure.
2.6

Tape casting
Tape casting is a simple shape forming technique typically using ceramic powders

mixed with an organic binder system. The organic binder system typically consists of a
dispersant, plasticizer and binder. Casting this mixture on a carrier film by the shearing
action of a doctor blade against the moving slurry forms a thin sheet or tape. The tape is
dried, cut to size, and stored for future use. The tape contains an organic binder system
that gives the tape enough green strength for it to be removed from the carrier film
without damage. The tape is then heated so that the organics decompose and the material
can sinter. Tape casting is typically considered as an easy and economical fabrication
method for planar material structures. Laboratory-scale tape casting is very cost effective
and allows for precise control of the layer thickness. The low cost and fabrication
consistency of each run allows multiple iterations to be carried out in efforts to optimize
the material set formulation. Thick layers as well as complex structures can easily be
obtained by stacking successive sheets. Tape casting can be scaled up and performed at
an industrial level [42].
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2.7

Pre-stressing and sintering
Tape cast preforms consist of loosely joined particles having low green density.

Isostatic or uniaxial pressure applied to the tape increases the green density[52]. Once
compacted, the contact radius is characterized by either plasticity:
(3)
or by elasticity:
(4)
depending on mechanical history and material properties[53]. The variable

will

have values between 0.5 for linear hardening (m=1) and 1.45 for perfect plasticity (m=∞).
The indentation between the two particles is given as h in Figure 1. The equivalent
radius at the contact point is given by:

(5)

Figure 1: Contact radius post compaction
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As mentioned in section 2.1, grain boundary and surface diffusion are the major
mechanisms of mass transport and it can be assumed that the value of a0 directly
determines the effective area of activity. Upon sintering, the contact forces for particles
of equal radius are given by[54]:

(6)
where

is the sintering contact radius,

is the dihedral angle,

the surface energy and

(7)
with
boundary with thickness

the diffusion coefficient for vacancy transport in the grain
and activation energy

.

is the atomic volume. The first

term on the right-hand side of equation (6) is considered normal viscosity while the
second term relates to sintering tensile force due to surface energy.
A geometric model put forth by Coble, indicates that the contact radius grows according
to[55]:

(8)
The sintering process can be considered complete when the sum of the grain boundary
and the surface energy are at a local minimum and the contact radius has grown to the
value of[52]:

(9)
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2.8

Current silver based die attach methods
High temperature die attach is an area of active research by the academic

community. All of the following strategies under consideration utilize metallic materials
as the base die-attach material, in order to allow mechanical strength at high operating
temperatures. Current high temperature die attach strategies consist of; Ag filled
adhesives, Pb-Sn and other Pb alloys, Au, Zn, Bi, and Ag based systems[3]. Current
research within silver-based systems mainly focuses on three classes of high temperature
die-attach strategies; low temperature transient liquid phase bonding [22], [56], silver
nano paste systems[12], [21], silver micro/nano sized flakes/powders[11], [20], [23].
2.8.1

Low temperature joining technique
The low temperature joining technique (LTJT) was initially proposed by

Schwarzbauer and Kuhnert[57]. Since then it has been used as both a die-attach and wire
bonding method[58]. Schwarzbauer and Kuhnert fabricated joints by using dispersed
silver flake powder in an organic solvent. Bonding pressures ranging from 10MPa to
40MPa between 473 to 503K were used to form low temperature joints. Resulting joints
using 40MPa at 503K achieved shearing strengths of approximately 100MPa. This
technique has also resulted in joints that withstood 66750 power cycles without
failure[57]. Research by Eisele et al. showed that by increasing the layer thickness from
10um to 100um, the high temperature cycles to failure increased by an order of
magnitude over traditional solders at the same thickness[59]. Current research in this area
involves the addition of a second phase material to match the CTE of the die attach with
that of the die. By employing FEM simulations, it was found that the addition of h-BN in
a 200um thick sintered silver die-attached layer leads to a stress reduction of up to
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30%[60]. LTJT is used with discrete components such as high power thyristors and
diodes. From the process point of view, this approach is not suitable for larger IGBT
power modules. The high pressures required by this method to form a suitable bond
exceed typical chip tolerances.
2.8.2

Silver nano paste
To reduce the high pressure of the LTJT, Guo-Quan Lu et al. initially

demonstrated the use of nanosilver as a high temperature die attach[8]. Others have
duplicated Guo-Quan’s work with comparable results[61]. In this method, the driving
force for sintering comes from the reduction in total free energy of the system through
reduction of the surface energy by particle coalescence. A paste consisting of nanosilver
particles, organic solvent and organic binder was applied and consolidated under the
application of temperature (513K) and pressure (40MPa). The results showed a
significant improvement over Sn63Pb37 solder alloy. Guo-Quan Lu et al. had continued
to develop and improve on the concept of using nanosilver past as a low temperature and
low/no pressure die attach[21], [24], [62], [63], [64], [65], [66].

They also identified

that the burnout of the organic binder was significant in allowing the nanosilver particles
to consolidate at preferred temperatures[41], [67]. Scanning electron microscopy
revealed a consolidated porous silver layer that adhered strongly to both chip and
substrate surface, and exhibited yield strength of ~40 MPa. Activated SiC Schottky
diodes showed that the silver paste die-attach could support operation at elevated
temperatures[68]. This technique has been demonstrated with success on SiC multichip
phase-leg power modules[69].
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2.8.3

Transient liquid phase
Transient liquid phase diffusion bonding relies on the formation of a liquid phase

at the interface of the parts being joined during an isothermal bonding process. The
formation of the liquid phase is typically accomplished by the insertion of an interlayer
that forms a low melting point phase. Upon initial diffusion of the interlayer into the
parent material, a eutectic composition is reached and localized melting occurs. While
being held at a constant temperature, the solute diffuses into the bulk material and
eventually solidifies because of continued diffusion[16], [17], [22]. Chuang et al.
developed a method that employed a combination of both diffusion bonding and transient
liquid phase diffusion bonding[56]. This process is a variation of joining typically known
as transient liquid phase diffusion bonding (TLP). This process exploits the phenomena
that terminal solid solution of silver can take up to 20-wt. percent indium over a wide
temperature range. Alloys of silver having up to 20-wt. percent of indium melt at 968K
and are above the typical processing temperatures of semiconductor devices. The low
melting temperature of Indium, 429K, allows a traditional solder joint to form well below
the typical allowable semiconductor joining temperature. In this research, once the
Indium melts, the joint is cooled to room temperature and then reheated to just below the
Indium melting temperature at 418K. The joint is held isothermally for 26 hours under a
pressure of 80psi, where diffusion processes can occur. This process is different than
transient liquid phase diffusion bonding in that TLP is isothermal. The process
developed by Chuang et al. results in an alloy with a composition ranging from 79.75 to
92 wt. percent of Ag and an increase of joint melting temperature from 429K to a range
of 1038-1053K.
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2.8.3.1 Liquid phase sintering paste
The use of the transient liquid phase sintering method has been applied to paste.
A thesis by Pedro Quintero shows the use of silver and indium powders in an organic
paste to form a low melting, high temperature die-attach[70]. Another alloy systems that
uses this method manufactured by Ormet indicates the use of BiSn alloy to coat copper
particles[71].
2.8.4

Pick and place silver sintering
Kahler et al. has developed a paste casting method that closely resembles the tape

(slurry) casting method reported in this work[11], [20]. Their group identified that
multimodal dispersions of nano/micro powders are effective at increasing the mechanical
properties. Their findings coincide with the preliminary mechanical testing results of our
bimodal tape cast. Their work reinforces our theory of improved mechanical properties
via micro/nano dispersions but their fabrication approach does not give way to green
microstructure stressing.
2.9

Detailed review of silver nano-paste
Upon drying, the packed body microstructure of silver nanopaste closely resembles

that of the tapes formulated in this research. A comparison of sintered microstructures
also shows identical grain structure and leads us to assume that other material
characteristics of nanopaste and nanotape are similar. A significant body of research and
materials testing has been performed on silver nanopaste[72], [73]. Some of this research
is reviewed below.

34

2.9.1

Driving force for low temperature sintering
Guo-Quan Lu et al. determined that the driving force for low temperature

sintering is a function of the external pressure and a geometrical factor (K).[74] The
geometrical factor was found to be proportional to the inverse of the particle size
. The expression developed by Guo-Quan Lu et al. follows:
(10)
In this expression

is the applied pressure, is the stress intensification factor, and

is

the surface energy. From this expression, it can be seen that the driving force is greatly
influenced by the applied pressure and particle size.
2.9.2

Thermal exposure (abnormal grain growth)
A simulation and theory of abnormal grain growth was put forth by Rollett et

al[75]. Rollett et al. modified Hillert’s[76] grain growth model by a simple treatment of
anisotropic grain boundary mobility. Hillert’s derived the following equation for mean
grain growth rates of grain size r.

(11)
Here rc is the critical radius at which grains neither grow or reduce in size, α is a
geometrical constant that is typically 0.5, M is the mobility of a grain boundary and γ is
the grain boundary free energy per unit area. From this Hillert’s function (equation (11)),
Rollett’s theoretical treatment produced a limiting ratio of relative size that is a simple
function of the mobility ratio. Rollett et al. postulated the relative growth rate of an
abnormal grain,

, where r is the size of an individual abnormal grain
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and

is the mean grain radius, is derived as a function of the relative mobility’s of the

normal grains and the individual abnormal grains. It was found in their work that for
mobility ratios greater than one, the abnormal grain could grow faster than the mean
radius of the matrix of the normal grains until a limiting size ratio was reached,

.

Rollett postulated the following equation for the size of the abnormal grain relative to the
mean grain size,

(12)
where M is the mobility of a grain boundary, γ is the grain boundary free energy per unit
area and

is the mobility ratio between the abnormal grain and the matrix of normal

grains of the grain boundary.
2.9.3

Fabrication parameters
The effects of sintering parameters i.e. temperature, pressure, and time as well as

particle size on the resulting die attach shear strength have been studied by multiple
groups[21], [24], [73], [77]. Siow et al. identified a list of factors that affect the bonding
strength of nano-Ag joints[73]. Their group list; bonding pressure, sintering temperature,
nanoparticle size (distribution and morphology), heating rate, dimension of bonding area,
bonding substrate, and sintering time. In the case of bonding pressure, shear strength
continued to increase with increased bonding pressure. Sintering temperature is
significant between 250ºC to 350ºC where there is a 40MPa increase in shear strength.
Sintering above 350ºC provides minimal benefits to the shear strength. Decreasing
particle size from 100nm to <20nm showed a 30MPa increase in shear strength of
samples that were fabricated using 5MPa of bonding pressure. Sintering is a diffusion
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process so increasing time would allow for increased diffusion. The results from the work
of Wang et al. indicated that after 1 hour of sintering minimal increases in shear strength
were observed[24].
2.9.4

Creep behavior of silver nanopaste
The anelastic deformation of a material due to temperature and stress is known as

creep. Steady-state creep predominates at temperatures above about 0.5 Tm[78]. In the
case of silver, which melts at 1234K, steady-state creep predominates at 617K. Studies
into the creep behavior of silver nanopaste over the tensile stress range from 2MPa to 7.5
MPa and the temperature range of 373 to 448K were produced by Chen et al.[79] It was
determined that the strain rate with time fell into three stages: transient, steady state, and
tertiary. The steady state creep rate determined by their investigation followed the
power-law creep equation below.

(13)
Where is the steady-state creep strain rate, A is a material constant,
applied stress, n is the nominal stress exponent,

is the

is the apparent creep activation

energy, R is the gas constant, and T is the absolute temperature. Chen et al. identified the
average apparent creep activation energy to be 82kJ mol-1(0.85eV); this is very close to
the activation energy for grain boundary diffusion. Chen et al. covered temperature and
stress ranges that are common for typical power electronic environments, but to realize
the high temperature capabilities of WBGS, there is a need to investigate higher
temperatures. In this work, Studies into the creep behavior of silver nanotape over the
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temperature range of RT to 573K were performed to identify the effectiveness of nano
silver initiated die attaches for high temperature applications.
It was reported by Chen at al. that fracture surfaces in thermally cycled samples
show ductile fractures in the silver attachment and micro-cavities nucleated at the grain
boundaries[80]. According to Dieter, it is well documented that the formation of cavities
is common throughout the creep process. He refers to the third stage of creep as having
an accelerated rate of cavities and crack formation. This process is referred to as creep
cavitation and requires a stress normal to the grain boundary approximately E/100 to
nucleate a cavity. In the case of silver (E=83GPa), a stress of 83 MPa would be required
for creep cavitation. This stress is well above the highest reported die attach shear
strength in this work (~60MPa), but due to the nature of the microstructure, the effective
modulus is reduced to approximately 2GPa (discussed in section 4.6). This indicates that
it would only take 2MPa of stress to cause cavitation. Yao et al. gives an exhaustive
review of the three primary theories of creep, i.e., the classical plastic theory (CPT) based
approach, the cavity growth mechanism (CGM) based approach and the continuum
damage mechanics (CDM) based approach. Yao identified that it is beneficial to propose
a CGM-based method for any initial design and to develop a CDM-based method for life
extension or integrity assessment of the structure[81].
Extensive correlations of creep and diffusion data for pure metals indicate that the
activation energy for high temperature creep is equal to the activation energy for selfdiffusion[78]. The activation energy of self-diffusion in silver has been reported to be
between 169.81kJ mol-1 (1.76eV) and 188kJ mol-1 (1.95eV) [82], [83], [84]. According
to the study by Chen et al., the activation energy for creep in sintered silver is half that for
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self-diffusion. This agrees with the widely accepted theory that below 0.5Tm diffusion
takes place preferentially along dislocations, instead of bulk diffusion[85]. It is common
for the activation energy of diffusion through dislocation to be lower than the one for
bulk diffusion.
2.9.5

Thermo-mechanical reliability
The die-attach encounters superimposed cyclic temperature variations during

operation. They result from both electric current in the active parts of the module that
generate heat and ambient temperature variations. These thermal variations make the die
attach highly vulnerable to variable amplitude thermal fatigue[86],[87]. Fluctuating
thermal conditions result in thermal fatigue failures due to stress. The stress is not
mechanical in nature but rather induced by expanding parts that are constrained in some
way[78]. In the case of a simple constrained bar, the induced stress ( ) can be expressed
by the following:
(14)

In this expression,

is the linear thermal coefficient of expansion, E is the elastic

modulus, and T represents the temperature.
Thermal fatigue resistance is related to the parameter

where

is the

fatigue strength at mean temperature and k is the thermal conductivity. Having a high
value for this parameter indicates good thermal fatigue resistance[78]. Research into the
thermo-mechanical reliability of sintered nanosilver die attach was performed by Bai et
al. His group cycled SiC dies attached to DBC substrates between the temperature ranges
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of 50 to 523K. The results showed that sintered silver die attachment on DBC substrates
could survive beyond 4000 cycles[80]. This indicates high reliability within a typical
operating range of common power electronics.
2.9.6

Thermal conductivity of sintered joints
In an effort to quantify the thermal conductivity of a sintered joint, Lu et al.

employed the Wiedemann-Franz relationship between electrical and thermal conductivity
of a simple metal[63]. It was assumed that interfacial resistance of the joint would be
negligible due to the readily diffused Au-Ag interface. Lu et al. measured the electrical
resistance of a resistor pattern formed from sintered silver nanopaste to be 200W/mK by
way of wavelength shift methodology. Further work involving the optimization of LED
assemblies determined the junction-to-heat sink thermal resistance was reduced by using
silver nano paste[88].
2.9.7

Shear strength: strain rate & temperature effects
Strain rate and temperature typically have a significant effect on shear strength.

Single lap shear structures were prepared by Li et al. on copper substrates using silver
nanopaste[77]. The joints had an area of 2mm2 and a thickness of 50μm. Shear test were
conducted using four strain rates ranging from 0.001 to 0.01s-1 and four temperatures
from 298 to 598K. The results from the study indicated that strain rate and temperature
both had a significant impact on the shear strength. The shear strength was reduced by
decreasing the strain rate but increased with decreasing temperature. It was also observed
by Li et al. that at higher temperature the joints displayed ductility.

40

2.10 Bimorph strip
A bimorph strip is formed when two different materials having significantly
different coefficients of thermal expansion (CTE) are physically joined together. As the
surrounding temperature is increased, each material will expand at different rates
resulting in disproportional expansions. When joined, competing tension and
compression results in a bending of the structure, which can be quantified by a few key
variables. The total deflection of the bimetallic strip is affected by the thickness,
Young’s modulus, and CTE of each material. Length is only significant on long strips
where gravity becomes an issue. In the figure below, material A and material B both
have different coefficients of thermal expansion and demonstrate why the two materials
need to be physically joined. By joining the two materials together, a stress develops
causing the structure to curve.

The reference or zero stress point is set by the temperature at which the two
materials are joined. For example, if the two materials (both flat) were joined at 573K
and allowed to cool to room temperature (RT) a deflection would be observed.
Conversely if the same two materials (both flat) were joined at RT and heated to 573K
the same curvature would be observed. This simple principal holds true as long as
significant dislocation motion, diffusion, or any stress relaxing mechanism does not occur
below or above the consolidation temperature (573K).
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In this research, tapes are fabricated that consist of nanosilver particles embedded
in an organic matrix. The tapes are used to join metallic faying surfaces by first, thermal
decomposition of the organic phase and second, sintering together of the metallic phase.
It’s theorized by others that a zero stress structure is formed at the temperature upon
which the nanosilver sinters together[41]. A different hypothesis is proposed for this
work - if the temperature increases past the zero stress point, it may shift up in
temperature as grain growth, creep and diffusion become increasingly active.
2.10.1 Stress gradient consolidation
As the bimorph strip is cooled, the difference in CTE between the silver and
silicon strips causes the bimorph to curve slightly in the direction of the silver due to
silver having a larger CTE. This curvature leaves the silver layer in a state of tension. As
the bimorph is heated, the tension in the silver layer decreases as it expands toward a
state of zero stress, and goes into compression upon further increase in temperature.
The stress gradient between the grain boundaries caused by either compression or
tension, results in vacancy flow and could allow Nabarro-Herring creep to occur[50].
According to German, the volume diffusion controlled strain rate is

(15)
where T is the absolute temperature, k is the Boltzmann’s constant, Ω is the atomic
volume,
diffusivity

is the lattice diffusivity, G is the grain size, and

is the effective stress. The

is highly dependent on temperature and is a significant factor on the

densification of the silver layer.
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At lower temperatures, it is more likely that Coble creep, diffusional flow along
the grain boundary, occurs. The strain rate in porous microstructures undergoing Coble
creep is given as

(16)
where δ is the grain boundary width and

the boundary diffusivity[50].

Above the consolidation temperature or zero stress point, the bimorph experiences
high temperature and compressive stress. In this case, the rate of densification depends
on the diffusion rate for dislocation climb[50]. The corresponding power-law-creep form
is,

(17)
where b is the Burger’s vector, C a material constant, U the shear modulus, and n an
exponent expressing the stress sensitivity. Equation (33) is empirical but it is useful in
explaining experimental data[50]. The burgers vector in a silver crystal is half the face
diagonal distance:
(18)

The consolidation of the silver layer depends on the remaining porosity. The
reduction rate in the remaining porosity due to diffusion and creep processes represented
in equations (15) through (17) give generalized densification equations such as,
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(19)

where

is the fractional density (measured divided by theoretical density), A is

a geometric constant, and M reflects the work hardening associated with the stress
amplification around the pores[50].
2.11 Zero stress consolidation
To reduce the amplitude of thermal variations, the zero stress point is
desired between room temperature and the active junction temperature. Upon
consolidation of the die-attach, it is hypothesized that the section of the stack shown in
Figure 2 between the SiC die and the layer of copper is in a zero hydrostatic state of
stress (all three principal stresses are equal)[41].

Figure 2: Normal and shear stress on oblique plane (two dimensions)
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Nanosilver consolidation occurs through sintering mechanisms discussed earlier
in the literature review section, and is postulated by our group to continue beyond the
initial consolidation. Current research in nanosilver based die attach has not reported on
significant mass transport occurring at elevated temperatures, either due to conventional
transport phenomena or due to the use of nanomaterials. Mei et al. investigated the
residual curvature due to CTE mismatch within a die-attach stack assembly from
consolidation temperature down to room temperature[89]. This work concluded that
structural equilibrium was achieved during consolidation, and cooling to room
temperature resulted in residual bending due to CTE inconsistencies between the
materials. This was also investigated by Bai in his thesis work[43]. In both studies, a
device consisting of a laser beam and position detector was used to measure residual
curvature in bimorph stacks consisting of silicon and nanosilver paste. Bai found that at
523K the residual stress in the stack assembly was approximately 1MPa and upon
cooling to room temperature the residual stress increased to 25MPa. Bai concluded that
the low residual stress at 523K was due to the measurement being taken close to the
sintering temperature of 553K. Bai and Mei do not report cooling down from
temperatures above the consolidation temperature and did not ascertain if the zero stress
point shifts with further increases in temperature above the initial consolidation
temperature. This is important to investigate because nanosilver die-attach strategies rely
on consolidation at a temperature that can be substantially lower than device operation
temperatures. A shift in the zero stress point above the consolidation temperature could
result in an unacceptable stress level at room temperature due to CTE mismatch.
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2.12 Model for thermal stress in silver sintered on silicon
Thermal stress results when the thermal expansion of a material is restrained by
some means[78]. The thermal stress developed by a temperature change

is
(20)

In this equation

is the linear thermal coefficient of expansion and E is the elastic

modulus. In this this work, equation (20) requires modification to allow for the combined
thermal expansion of both materials in a bimorph strip[90].

(21)
Equation (21) was used to resolve the stress due to the combined constraint created in a
bimorph strip of silver and silicon. The thermal coefficient changes slightly with
increasing temperature and is taken into consideration when using equation (21). CTE for
silver as a function of temperature follows CTE(

)=2.6 −8 +2.98 −5 and CTE for

silicon as a function of temperature follows CTE ( )=2.9 −9 +2.15 −6. For now, it is
assumed that the modulus of the silver film is independent of temperature. Using modules
of 2GPa for the silver film, equation (22) is plotted in Figure 3 below for two different
zero stress points, one at 473K and the other 573K. This shows how thermally induced
stress is afected by both the consolidation point and temperature.
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Figure 3: Induced bilayer stress due to CTE mismatch
2.13

Stoneys formula
The deposition of thin films onto silicon wafers typically results in slight wafer

curvature due to thermal stresses both during processing and in service [90], [91], [92],
[93]. Although this is typically an unwanted effect, it could be used to measure and
monitor thermally induced stresses over time. Wafer curvature measurements by way of
laser displacement have been used to determine induced stress of silver layers upon
cooling[43].
In work by Flinn et al., the stress in an aluminum-based metallization was
measured as a function of the thermal history[94]. Flinn et al. gives a complete derivation
for determining the stress in a thin film and it is reworked here.
A simple one-dimensional thin film of thickness

on a substrate of thickness

is shown in Figure 4 below. If the unconstrained length of the film is
stretched an amount

to match the length

then it must be

of the substrate. The deformed film on the

un-deformed substrate is not a minimal energy state. The substrate responds by slightly
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deforming to reduce the deformation of the film. The deformation has two components:
one of compression and the other of bending the substrate.

Figure 4: Top: Unconstrained substrate and film. Bottom: constrained substrate
and film.
The distance from any point in the material to the center of curvature is r. R is defined as
the arc radius within the deformed substrate that has the same length as the un-deformed
substrate. For any radius where r<R, the substrate will be in compression, and tension
where r>R. Pure bending occurs when R is located at the exact center of the deformed
substrate. The variable a is the distance from the inner surface to R, and b is distance
from R to the outer surface. The length of an arc is

, so the change in length due to

bending becomes
(22)
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and the corresponding elastic energy in an arc of thickness dr is

(23)
where

is the elastic modulus of the substrate. The total elastic energy in the substrate

is obtained by integrating (23) through the thickness, from

to

given by

(24)
If the film can be considered extremely thin relative to the substrate, then the
strain in the film is assumed uniform. Because of this, equation (22) can be used with
, so that the net change in length of the film is given by
(25)
and the corresponding elastic energy of the film is

(26)
where

is the elastic modulus of the film and

is the film thickness. The total elastic

energy of the system is now given by

(27)
At this point two new variables are defined

(28)
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The total energy of the system can now be express in terms of , which measures the
bending of the substrate, and , which measures the overall compression of the substrate.

(29)
Now find values of the variables

and

that minimize the total energy:

(30)
so that

(31)
and
(32)
so that

(33)
Now calculate the strain reduction

in the film, resulting from the deformation of the

substrate

(34)
Next, calculate the stress in the film simply from the unaccounted strain. The stress
a film is given by the elastic modulus times the strain, so that
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in

(35)
If we solve this equation for

and substitute it in (31), we find

(36)
Resulting in the well-known Stoneys equation

(37)
Extending into two dimensions for small deformations requires replacing Young’s
modulus E with E/(1-v), where v is Poisson’s ratio

(38)
Using a laser based optical technique, the deflection in the sample can be measured, R
can subsequently be calculated and the stress in the silver layer can be determined by way
of Stoneys equation.
2.14 Curvature measurement techniques
Multiple laser displacement methods have been used to identify residual stress in
thin films [64], [87], [91], [92], [94], [95]. Although each method is different, each
technique uses the movement of a laser beam on a photo diode as the detector. The
method used by Witvrouw et al. appears to be the simplest set up and method for
quantifying displacement and subsequently radius of curvature[92]. Figure 5 shows a
schematic of the laser setup used in this work molded after the setup used by Witvrouw.
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A four-quadrant diode is used to collect the laser beam and generate a small current using
the photoelectric effect[96].

Figure 5: Laser deflection
The translation relationship between the sample and the photodiode are shown in
Figure 6. The curvature value 1/R can easily be determined by measuring the optical path
length and using the slope of the curvature scan[89]. The relationship is expressed in the
following equations:
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(39)

This function can be simplified by assuming the scanning length d is negligible.

(40)
(41)
The sign convenient for positive and negative curvature is given in the free body diagram
below.

Figure 6: Relationship in the optical setup of the photodiode with the translation
stage
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3

METHODS
This chapter gives a complete description of the materials, fabrication methods,

test equipment, and procedures used for each research study. The results obtained from
each study are given in the following chapter (Ch. 4). The analysis of the results is given
in chapter 5.
3.1

Fabrication of silver tape
Tape casting requires four basic components. They are the dispersant, binder,

plasticizer, and ceramic or metal powder. The method and procedure these components
are combined is critical to formulating a stable homogenous slurry and subsequent tape
cast. The following two paragraphs detail the material selection and the fabrication
process.
3.1.1

Tape cast & materials
The tape cast samples in this work were fabricated using commercially available

materials. Silver nano powder was obtained from Nano Amor (#0477YDC, 30-50nm)
and the four silver micron sized powders came from Alfa Aesar (#41598, 0.6-2um),
(#41599, 1.3-3.2um), (#11402, 4-7um), and (#41600, 635 mesh). PVB came from
Richard E. Mistler, Inc. PPC polymer binder was obtained from Empower (QPAC®40)
and propylene-carbonate (PC) plasticizer from Huntsman (JEFFSOL®PC). The solvent
and surfactant used is lab grade acetone and acetic acid respectively.
3.1.2

Fabrication methodology
A combination of ultrasonic energy and acetic acid was used to disperse and

sterically stabilize the silver nanoparticles. In the case of micro/nanotape, micron sized
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silver powder was added to the silver nanoparticle dispersion where it was thought that
despite acetic acids ability for sterically stabilizing silver nanopowder, it is ineffective at
sterically stabilizing the micron sized silver powder[97]. At this point, mechanical
shaking was used to force interaction between the micron and nanopowder. It is
hypothesized that once collided, the inter-nano/micro-particle attraction is greater than
the repulsion forces generated by the acetic acid resulting in surface coverage by the
silver nanopowder on the silver micro-particles. Figure 9 illustrates the effective
coverage of the nanosilver on the surface of the micron silver. Once the nano or
micro/nano powder in acetic acid was homogenized, the organic slurry was added. The
organic portion of the slurry consists of acetone (a polar solvent), polypropylene
carbonate (soluble in polar solvents) as the binder and propylene carbonate (a polar,
aprotic solvent) as the plasticizer, all known for their self-decomposing and clean burning
properties[42]. The metallic nano or micro/nano powder dispersion and the organic
binder system were once again mechanically shaken resulting in both a stable and
homogenous tape cast slurry. A doctor blade shown in Figure 7 was raised to a casting
thickness of .4ml. The resulting tapes shown in Figure 8 were flexible and could be cut
to any 2D shape.

55

Figure 7: Doctor Blade

Figure 8: Dried tape
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Figure 9: SEM of green micro/nanotape illustrating effective coverage of silver
nanopowder over the silver micro-powder
3.2
3.2.1

Fabrication of evaluation samples
Microstructure
Imaging samples were made by sectioning small squares from the parent tape. One

sample from each tape was left green while another sample from each tape was sintered
at 573K for five minutes. Green samples were dipped into liquid nitrogen and snapped to
avoid deformation of the plastic matrix in the microstructure. Sintered tapes were brittle
enough to snap without aid. Snapping the samples allowed for evaluation of
consolidation of the microstructure before and after sintering as well as organic
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decomposition within the microstructure after sintering. SEM was used to image the
fracture surfaces of the samples.
3.2.2

Pre-stressed sample for shrinkage and micro-hardness evaluation

Tape samples were fabricated to evaluate any microstructural or material properties
evolution because of pre-stress. The fabrication procedure is illustrated in Figure 10. A
1” hole-punch was used to section the parent tape into samples. Each sample (except for
the unstressed control sample) was placed into a one-inch-diameter pressing jig and
exposed to 3, 7, or 11 metric tons of force for one minute.

(42)
According to equation (42), where P is the pressure, F is the pressing force, and A is the
area of the tape disk, the samples were subjected to 58 MPa, 135 MPa, & 213 MPa of
pressure.

Figure 10: Pre-stressing steps
Evaluation of shrinkage was performed for both nano and micro/nano
formulations listed in Table 9. Shrinkage was evaluated by making two samples from
each formulation at each pressing force. Of the two samples, one was sintered at 573K
for 1 minute and the other remained in the green state. The two sister samples were
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compared using graphical software. The samples were examined by SEM as mentioned
in the previous section.
Hardness evaluation samples were fabricated by the method discussed previously
in this section except for one extra step. Four layers of green tape were placed together in
the pressing die and fused together under the external pressure. This allowed sufficient
sample thickness to avoid spurious results.
3.2.3

Mock die attach structures

3.2.3.1 Assembly method of shearing samples
Mock samples were prepared to investigate the shear strength and feasibility of
using tape preforms as a die attach. Typical electronic devices are fabricated on printed
circuit boards (PCB), but high temperature electronics require direct bonded copper
(DBC) as a substrate. To avoid oxidation of the copper layer and to aid in the interfacial
bonding, a diffusion barrier and thin film metallization was deposited onto the DBC [31].
Aluminum nitride DBC substrates obtained from Stellar Ceramics having approximately
5um electroless Ni diffusion barrier with a 0.25um Au flash were used for fabricating
shearing samples. The DBC plates were sectioned into 1cm by 1cm and 0.5cm by 0.5cm
samples to form the substrate and mock die respectively. Sample stacks consisted of
placing a tape preform between the two DBC substrates, applying pressure and heat to
consolidate the stack, and finally cooling the stack to room temperature for further
investigation. Significant investigation into varying fabrication parameters has been done
on silver paste and is identified in the literature review section. Based on this ground
work by others in the area of nanopaste we chose to use a moderate bonding pressure of
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3MPa, a sintering temperature of 300ºC, and a conservative sintering dwell time of
45minutes with a 15-minute ramp up.
Shearing samples were fabricated by placing a preform between the substrate and
mock die and placing a thin silicone rubber sheet on top of the stack to compensate
alignment. Individual sample stacks were placed onto a cantilever press, shown in Figure
11, where 3MPa of pressure was applied through the lever.

Figure 11: Heated cantilever press
Holding the pressure constant, the press was heated at 10°C/min to 573K. The
samples were sintered at 573K for approximately 30 minutes. Releasing the pressure at
temperature, the samples were force cooled by approximately 10°C/min back to RT. The
heating cycle shown in Figure 12 took 90 minutes total. Fig shows an optical image of a
finished mock die-attach stack.
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Figure 12: Silver tape die-attach heating cycle

Figure 13: mock die-attach
3.2.4

Diffusion barrier and Au thin film deposition
The direct bonded copper substrate is susceptible to oxidation at elevated

temperatures requiring passivation of the exposed face. This is accomplished by the
electroless plating of nickel onto the surface of the copper. The electroless plating is
followed by a vapor flash deposition of gold onto the nickeled surface. Silver is insoluble
in nickel while gold is completely soluble above 800°C allowing for a metalized layer
amenable to silver[98]. To illustrate further, SEM and EDAX was taken at the interface
of the DBC and the sintered die–attach tape showing how the inter diffusion of the layers
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proceeded during the sintering process. It is apparent from Figure 14 that silver diffusion
is completely arrested by the layer of nickel. It also appears that the silver and gold
alloyed and that some of the gold diffused into the nickel layer.

Figure 14. SEM overlaid with EDAX of the bonding interface between the DBC and
the silver tape.
3.2.4.1 Pre-stressed micro/nano tape shearing samples
The preform samples used to investigate green microstructural stressing were cut
from circular samples fabricated the same way as the imaging samples described in
section3.2. This allowed samples to be cut from the circle in any dimensions while
retaining the pre-stress. The next step in the stack fabrication process was to place the die
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attach preform between the two DBC substrates. Initially, the die and substrate surfaces
were pre-wetted prior to the placement of the preform. Careful selection of a wetting
agent for stressed tapes was required to avoid unwanted relaxing of the stressed green
microstructure. Acetone, which is known to dissolve the PPC, could not be used.
Propanol and ethanol were selected for investigation. Three groups of four samples were
stressed to 0, 58, 135, & 213MPa, resulting in twelve sample stacks. Each group was
fabricated by using propanol, ethanol, or no wetting agent. The samples were placed one
by one into the preheated (573K) cantilever jig where 3MPa of pressure was applied to
each sample for 1 hour. It was determined that wetting the preform was not necessary to
achieve a sufficient bond and was discarded in further fabrication processes.
3.2.5

Bimorph strip
Single-side polished ultrathin silicon wafers having a thickness of 50um +/- 12um

were obtained from University Wafer. A thin film of gold was vapor deposited on the
unpolished side of the Si wafer to aid in the adhesion of the Si/Ag interface. The wafer
was scored and snapped into roughly equal sample sizes of 2.75+/-0.19mm wide by
14.88+/-0.40mm long. The nanosilver tape fabricated for this study consisted of
approximately 90% solids loading of 100% nano silver powder (30-50nm). Silver tape
sections were placed on top of the sectioned wafer samples and uniaxially compressed by
3 metric tons for 30sec. This resulted in a pre-stressing pressure of approximately
700MPa. The excess overhang of tape was removed from the compressed samples.
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3.3
3.3.1

Characterization methods
Mechanical testing (shear mode)
The sample stacks fabricated by bonding two DBC substrates were tested using a

custom fabricated shearing jig shown in Figure 15, attached to an Instron load frame.
The shearing jig conformed to ISO TC61/SC11N1053 specifications. The jig quickly
provided shearing data that quantitatively allowed us to compare samples and identify
trends as a function of the fabrication process. Proper alignment was controlled to avoid
binding while friction between the sample and the jig was assumed to be negligible.

Figure 15: Shearing jig, ISO TC61/SC11N1053
3.3.2

SEM/EDAX imaging
Scanning electron microscopy and EDX date were collected using an Ametek

EDAX unit operated by Genesis 5.1 software on a JEOL 7401-FE-SEM scanning
electron microscope. Wright State University’s Center of Nano-Scale Multifunctional
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Materials Group (CENSMM) provided access to this field emission scanning electron
microscope.
3.3.3

Micro-hardness testing
Measurement of the hardness of the nano and micro/nano tapes provides

comparison between formulations and allows analysis of pre-stressing trends. Sample
hardness is measured using a Buehler Micromet1 hardness tester. The samples are
prepared by first pre-stressing 1” circular samples to a desired pressure and then
punching smaller samples out with a hole-punch. The hole-punched samples are placed
flat on a hot plate at RT and allowed to slowly heat up to 573K. This process allows the
sintered samples to remain flat for effective measurements.

Samples are tested by

deforming the surface with a Vickers indenter. Hardness is determined on the principal
that the harder the sample the smaller the indention. To determine the Vickers scale
values, the two indention spans from one corner to its cross corner are measured and the
mean is calculated. This mean value is used in the following equation: HV

1.854

F
d2

giving a quantitative value to compare samples.
3.3.4

Curvature measurement procedure
Curvature measurements were performed using the laser displacement instrument

constructed and tested by the researcher. The details of the instrument as well as the
associated error in the system are discussed in detail in sections 3.4 through 3.4.6.1. The
standard procedure for taking a measurement is as follows:
1. Align the 4-quadrant photodiode in the x and y direction so that the output
voltages on the two channels are as close to zero as possible.
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2. Develop a calibration curve by leaving the bimorph sample in place and
iteratively translating the 4-quadrant photodiode by an effective distance with 10second pauses between consistent distance iterations.
3. Return diode to original position.
4. Depending on the curvature, iteratively translate the sample an effective distance
in the x direction with 10-second pauses between each increment. (five steps
should be sufficient)
5. Return sample to original position.
The resulting data is plotted in three graphs like the ones in Figure 16.

Figure 16: Typical plots used to build voltage to displacement conversion curves
used to determine sample curvature in meters
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The top graph is built by the previously discussed steps. The bottom left graph is
used to convert output voltage to beam displacement on the photodiode. The bottom
right graph is built using measured stage displacements and using the conversion graph to
converting the resulting output voltage to identify the beam displacement value, in
meters, on the photodiode. With the stage translation distance plotted vs. the beam
displacement on the photodiode, the slope of the line can be calculated. The slope of the
line in the bottom right graph of Figure 16 can be used to determine the curvature of the
bimorph strip using equation (41) from the literature review section.
3.3.5

Error analysis of bimorph strip
Three bimorph samples of different lengths and widths were examined to identify

curvature error due to variance of sample size. The black squares shown in Figure 17,
having a measured dimension of 4.5X19mm, were printed onto white paper. The
samples were placed onto the black squares and digitally photographed.

Figure 17 Bimorph strips
The length per pixel conversion ratio was determined using graphics software. The
samples were measured by pixel and converted to lengths using +/-0.029mm per pixel.
Analyses of the dimensions are show in Table 3.
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Table 3: Bimorph strip length and width
Sample
Length
Width

S1
14.5mm
2.552mm

S2
10.672mm
3.045mm

S3
13.833mm
3.306mm

The three samples were sintered for 1hr at 573K and subsequently cooled to room
temperature. After cooling, the samples were placed together in the deflection instrument
and iteratively heated by 298K up to 523K. Curvature measurements for each sample
were taken at the 298K intervals (plotted in Figure 18). This process was performed
three times on these three samples.

Figure 18: Curvature of bimorph as a function of temperature
3.3.6

Modulus of elasticity measurements
The bimorph strip for this experiment was fabricated by the method discussed in

section 3.2.5. The silver layer (tape formulation P1) thickness was approximately 14um
on an ultra-thin 42um thick silicon substrate. The length and width of the strip was
13.5mm by 2.5mm respectively. The green bimorph strip sample was placed in the laser
displacement instrument and heated to 573K at a rate of 10°C/minute. To insure
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complete sintering and decomposition of all organics the sample was sintered at 573K for
four hours.
The modulus of elasticity varies slightly with temperature so the curvature of the
sample was measured at different temperatures to capture this effect. The heat up and
cool down cycle induced stress follows different curves and is discussed later in detail.
The heat up cycle is non-linear while the cool down cycle was linear. Because of this the
cool down cycle was used to determine the modulus of elasticity. The first measurement
was taken at 573K, then 548K and iterated by 25°C down to 348K. The sample was
allowed to equilibrate (which took approximately 5 minutes) at each temperature before
measurements were taken. The curvature measurements were used to calculate the
modulus of elasticity of the porous silver layer.
3.3.7

Thermal exposure (abnormal grain growth)
Two, one inch disk samples were cut from the parent tape (P1) and pre-stressed to

212MPa each. Each disk was quartered and three of the four quarters from each sample
were placed in one of two separate box furnaces at room temperature. The samples were
subsequently heated, one to 573K and the other to 773K. Sample quarters were removed
from the furnace at time intervals of 1hr, 6hr, and 24hr. SEM was used to examine the
microstructure of each sample.
3.3.7.1 Abnormal grain growth
Four samples were individually exposed to a temperature of 300, 325, 350, or
375 for 3 hours. Five random SEM micrographs were taken for each sample and each
grain in each micrograph was measured. The grain size distribution was determined and
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recorded for each isothermal temperature. The data from this experiment was used to
identify growth rate kinetics and the results are presented in the next chapter.
3.3.8

Isothermal annealing
A compressed bimorph sample for evaluation was placed on an alumina transfer

block located on a hotplate at RT. The hotplate was ramped to 573K at a rate of 10°C per
minute and the sample was held at 573K for another 30 minutes prior to transferring the
sample to a pre-heated chamber located on an x/y stage. The temperature of the open
heating chamber was set to ~20°C below the target temperature to reduce the
equilibration time once the heating chamber was sealed. Inside the chamber the sample
was oriented parallel with the x-axis and a quartz glass cover was placed over the heating
chamber of the stage. The chamber (on average) took approximately 10 minutes to
equilibrate. Once the temperature inside the chamber was stable, the incident laser was
positioned over an effective location of the bimorph strip by translating the sample stage.
The reflected laser was then subsequently positioned on the four-quadrant diode by
translating the detector stage. With the laser zeroed out on the detector, the sample stage
was translated in the x direction by increments that were small enough to allow for five
stepped translations within the effective liner region of the four-quadrant diode (the
higher the curvature of the sample the smaller the step size). After the last measurement,
the stage was returned to the starting position (zeroed on the detector), and the detector
stage was translated five steps. This process was repeated for each measurement taken
over the course of approximately 48 hours.
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3.3.9

Thermal cycling
A bimorph strip fabricated by the previously disused method was used to observe

the change in curvature as a function of cyclic temperature. The silver layer thickness
was approximately 14um on an ultra-thin 42um thick silicon substrate. The length and
width of the strip was 13.5mm by 2.5mm respectively. The green bimorph strip sample
was placed in the laser displacement instrument and heated to 573K at a rate of
10°C/minute. The sample was held at 573K for one hour and then the initial curvature
was measured. The sample was allowed to cool down by 25°C to a holding temperature
of 548K where the curvature was measured again. This process was repeated using 25°C
increments down to room temperature (~24°C). The sample sat at room temperature
overnight (~24 hours), and was cycled up to 573K the next day by 25°C increments. The
sample was measured at each increment and then subsequently cycled back to room
temperature by 25°C increments. The previous two cycles were approximately 24 hours
apart and cycled from RT to 573K. The sample was then exposed to three subsequent
cycles from 348K to 573K.
3.4

Instrument design
Section 2.3 of the literature review discusses the overview and basis of the design.

An overview of the instrument design is seen in Figure 22. The individual components as
well as the calibration are discussed in this section.
3.4.1

The laser and lens system
The photon source used for this instrument was a 4.25mW (max), 670nm

LaserMax INC. diode laser. The laser outputs red light due to its wavelength of 670nm
making it visible when interacting with rough surfaces. This allowed for quick rough
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beam alignment. The beam of the diode laser was rectangular in nature and was passed
through an aperture to control the shape and diameter. In order to measure the curvature
of the bimorph, the laser beam needed to be focused to a very small spot size. This was
accomplished by the use of a bi-convex lens. The laser and lens setup can be seen in
Figure 19. Equation (51) referred to as the diffraction-limited theory, can be used to
determine the focal length of the lens needed to achieve an effective stand off from the
heated sample while still achieving a very small spot size.

(43)
In this equation, n is the index of refraction and is equal to one since the beam is
propagating in air. The wavelength of the light is
The input beam radius

and the focal length of the lens is f.

for this instrument had a maximum of .5mm but was capable

of being significantly reduced by the aperture.

Figure 19: Focusing lens arrangement
3.4.2

Detection system
For this instrument, a four-quadrant photodiode was selected to detect the

deflection of the laser beam. Four-quadrant photodiodes contain separate active areas,
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each with independent outputs that are separated from each other by a small gap. The
diode used in this instrument was a 20mm2 PIN junction purchased from First Sensor
(part number QP20-6 TO). Each quadrant had a 4.9mm2 active area separated by a 34um
gap.
3.4.2.1 PIN photodiode detector
Incident light on the detector will generate an electron-hole pair where each entity
is pulled to its respective side of the PN junction. The incident light sets up a
photocurrent as long as it is effectively close to the depletion region. If the electron-hole
pair is created outside the depletion region, it will recombine.
By increasing the area of the depletion region, one could effectively increase the
current created by incident light absorbed by the detector. The way to accomplish this is
to introduce an intrinsic region at the PN junction. This is shown in Figure 20 below.

Figure 20: PIN junction diode with depletion region
The size of the intrinsic region is typically limited by the desired response time of the
detector.

The response time of the detector is proportional to the carrier transit time

through the depletion region[99]. For a typical PIN diode the intrinsic region has a
thickness of 1/α, where α is the optical absorption at a certain wavelength of light.
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The PN and the PIN can be used in three operational modes. They are
photoconductive, photovoltaic or open-circuit mode. In the photoconductive mode, the
diode is reverse-biased by a positive voltage applied to the n-side while in the
photovoltaic mode; the diode is forward biased by a positive voltage applied to the pside. When dynamic range is important it is best to use the photovoltaic mode, but if
response speed and linearity are critical then the photoconductive mode is better suited.
In the open-circuit mode, no net current is produced due to a balance between the light
induced carrier current and a diffusion current in the opposite direction.
The four-quadrant photodiode used in this instrument is wired in the photovoltaic
mode. Despite having slower frequency response, it is still fast enough for this
application and requires a simpler detection circuit than the photoconductive mode.
Another benefit of the photovoltaic mode is that there is no dark current, which results in
less noise and better sensitivity to low light levels[100]. In photovoltaic mode, the four
photodiodes share a common cathode connected to ground and the each have separate
anodes.
3.4.3

Four quadrant diode
The set-up of the four-quadrant diode detection method can be seen in Figure 21.

The laser beam is focused through a lens (not pictured) onto a beam splitter that reflects
the beam down onto the sample where it comes to a very small spot size. The beam is
reflected back up through the beam splitter where it diverges and is absorbed on the fourquadrant diode. Initial positioning of the detector is such that the incident light on each
of the four quadrants is effectively zero. As the sample is translated horizontally, the
change in path length causes the laser beam to deflect slightly in the horizontal direction
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causing a displacement of the beam on the photodiode detector. The four-quadrant diode
is designed so the difference in current output as a function of incident light between the
four quadrants can be detected.

Figure 21: Four-quadrant diode set up
After the sample is translated, the beam is displaced from the center position on
the four-quadrant photodiode and the differences between the quadrants are nonzero.
The output current from each quarter is conducted into a detection circuit that will be
discussed in in the following section.
For this work as stated earlier, a First Sensor photodiode having a spectral
response that varies with wavelength was used to develop a photocurrent. The optimal
sensitivity of the photodiode is 0.64A/W at a wavelength of 900nm. The laser used in
this work was a 4.5mW diode laser with a wavelength of 670nm. This arrangement
allowed the photodiode to have a sensitivity of approximately .42A/W, determined from
the data sheet. The reduced sensitivity of using a 670nm wavelength has an effect on the
noise level of the photodiode.
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3.4.4

Photodiode detection circuit
The four-quadrant diode is connected to a detection circuit that provides signal

amplification and preforms summing and dividing of the input signals. The current
produced by the incident light on the four-quadrant photodiode is conducted to the
detection circuit where it is translated into a signal that can be used to determine the
curvature of the sample. The circuit has two output voltage signals for the x and y
position. A schematic of the circuit can be seen in Figure 22.

Figure 22: Circuit for amplification, summing and dividing of the laser-generated
signal
The output current from each quadrant is converted to a voltage by the first stage
of amplification using an inverting amplifier (Figure 23). This configuration gives a
linear relationship between the light intensity and output voltage.
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Figure 23: Inverting Op-Amp
For ideal op-amps, it is assumed that no current flows into the input terminal and that V1
is equal to V2. These two assumptions allow for calculation of closed loop gain by the
following equations:

(44)
After the photocurrents from each quadrant of the photo detector are amplified
and converted to voltage signals, the difference in each signal from each quadrant is
determined by using a difference amplifier (Figure 24). The output signal from the
amplifier is:
(45)

Figure 24: Op amp difference amplifier
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Finally, a summing amplifier is used to combine the signals from the four
quadrants into x and y coordinates (Figure 25). The output signal from this amplifier is:
(46)

Figure 25: Op amp summing amplifier
3.4.5

Characterization of the detector circuit
The photodiode and detector circuit was characterized at room temperature using

the diode laser, a flat reflective surface, and fine positioning stage 0.0001in (2.54um)
ticks. The voltage signal after each op amp was measured. The measured difference and
sum signals were compared with calculated signals and the measured output signal from
each quadrant of the photodiode. The error associated with the difference and summing
was determined in volts. The values are given in Table 4 below. The initial
measurement was taken with the laser spot located at the approximate maximum x
direction and zeroed in the y direction. The detector was translated 0.003in (76.2um) for
each set of measurements.
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Table 4: Op Amp Characterization
Error from Error from Error from Error from
Calc Diff Calc Diff Calc Diff Calc Diff
Relative Quadrant 1 Quadrant 2 Quadrant 3 Quadrant 4 Calculated Calculated Calculated Calculated
and Amp and Amp and Amp and Amp
Position
(V)
(V)
(V)
(V)
OA1 (V)
OA2 (V)
OA3 (V)
OA4 (V) OA1 (V) OA2 (V) OA3 (V) OA4 (V) OA1 (V)
OA2 (V)
OA3 (V)
OA4 (V)
0

0.019

0.001

0.019

0.002

-0.19

-0.01

-0.19

-0.02

-0.193

-0.012

3

0.018

0.002

0.018

0.002

-0.18

-0.02

-0.18

-0.02

-0.186

-0.018

6

0.017

0.002

0.018

0.003

-0.17

-0.02

-0.18

-0.03

-0.178

-0.024

-0.183

-0.014

-0.003

-0.002

0.007

0.006

-0.18

-0.02

-0.006

0.002

0

0

-0.176

-0.028

-0.008

-0.004

0.004

0.002

9

0.017

0.003

0.017

0.004

-0.17

-0.03

-0.17

-0.04

-0.175

-0.031

-0.166

-0.038

-0.005

-0.001

0.004

0.002

12

0.016

0.004

0.016

0.006

-0.16

-0.04

-0.16

-0.06

-0.164

-0.037

-0.156

-0.052

-0.004

0.003

0.004

0.008

15

0.015

0.005

0.014

0.007

-0.15

-0.05

-0.14

-0.07

-0.153

-0.05

-0.138

-0.067

-0.003

0

0.002

0.003

18

0.013

0.006

0.013

0.009

-0.13

-0.06

-0.13

-0.09

-0.137

-0.065

-0.123

-0.086

-0.007

-0.005

0.007

0.004
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0.011

0.008

0.011

0.011

-0.11

-0.08

-0.11

-0.11

-0.119

-0.083

-0.104

-0.105

-0.009

-0.003

0.006

0.005
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0.01

0.01

0.009

0.012

-0.1

-0.1

-0.09

-0.12

-0.099

-0.101

-0.085

-0.124

0.001

-0.001

0.005

-0.004

27

0.008

0.011

0.007

0.014

-0.08

-0.11

-0.07

-0.14

-0.08

-0.119

-0.067

-0.137

0

-0.009

0.003

0.003
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0.006

0.013

0.006

0.015

-0.06

-0.13

-0.06

-0.15

-0.062

-0.138

-0.051

-0.15

-0.002

-0.008

0.009

0
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0.005

0.015

0.004

0.016

-0.05

-0.15

-0.04

-0.16

-0.047

-0.155

-0.038

-0.158

0.003

-0.005

0.002

0.002
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0.004

0.016

0.003

0.017

-0.04

-0.16

-0.03

-0.17

-0.035

-0.168

-0.029

-0.166

0.005

-0.008

0.001

0.004
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0.003

0.017

0.003

0.017

-0.03

-0.17

-0.03

-0.17

-0.026

-0.183

-0.021

-0.169

0.004

-0.013

0.009

0.001
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0.002

0.018

0.002

0.018

-0.02

-0.18

-0.02

-0.18

-0.02

-0.189

-0.017

-0.178

0

-0.009

0.003

0.002
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0.002

0.018

0.001

0.019

-0.02

-0.18

-0.01

-0.19

-0.015

-0.193

-0.013

-0.185

0.005

-0.013

-0.003

0.005

Calculated Calculated Calculated Calculated
OA5 (V)
OA6 (V)
OA7 (V)
OA8 (V)

OA5

OA6

OA7

Error from Error from Error from Error from
Calc Diff
Calc Diff
Calc Diff
Calc Diff
and Amp and Amp and Amp and Amp Calculated Calculated
OA5 (V)
OA6 (V)
OA7 (V)
OA8 (V)
OA9 (V)
OA10 (V)

OA8

OA9

Error from
Calc Diff
and Amp
OA9 (V)

OA10

Error from
Calc Diff
and Amp
OA10 (V)

0.181

0.169

0.01

-0.002

0.177

0.171

0.002

0

-0.004

0.002

-0.008

0.002

-0.348

-0.002

-0.349

0.001

-0.001

0.003

0.168

0.16

0.006

-0.002

0.166

0.16

0.007

0

-0.002

0

0.001

0.002

-0.326

-0.007

-0.328

0

-0.002

0.007

0.154

0.148

0.002

-0.004

0.157

0.146

0.009

-0.001

0.003

-0.002

0.007

0.003

-0.303

-0.008

-0.301

0.005

0.002

0.013

0.144

0.128

0.009

-0.007

0.142

0.128

0.005

-0.007

-0.002

0

-0.004

0

-0.27

0.002

-0.269

0.002

0.001

0

0.127

0.104

0.008

-0.015

0.128

0.103

0.003

-0.011

0.001

-0.001

-0.005

0.004

-0.231

0.008

-0.23

0.009

0.001

0.001

0.103

0.071

0.015

-0.017

0.105

0.073

0.014

-0.017

0.002

0.002

-0.001

0

-0.178

0.003

-0.176

0.004

0.002

0.001

0.072

0.037

0.014

-0.021

0.072

0.037

0.012

-0.02

0

0

-0.002

0.001

-0.109

0.008

-0.108

0.008

0.001

0

0.036

-0.001

0.015

-0.022

0.036

0

0.013

-0.022

0

0.001

-0.002

0

-0.036

0.009

-0.034

0.014

0.002

0.005

-0.002

-0.039

0.014

-0.023

0

-0.036

0.013

-0.022

0.002

0.003

-0.001

0.001

0.036

0.009

0.038

0.012

0.002

0.003

-0.039

-0.07

0.013

-0.018

-0.037

-0.068

0.014

-0.016

0.002

0.002

0.001

0.002

0.105

0.002

0.107

0.008

0.002

0.006

-0.076

-0.099

0.011

-0.012

-0.072

-0.097

0.011

-0.013

0.004

0.002

0

-0.001

0.169

0.002

0.171

-0.002

0.002

-0.004

-0.108

-0.12

0.009

-0.003

-0.106

-0.119

0.01

-0.004

0.002

0.001

0.001

-0.001

0.225

-0.006

0.226

-0.001

0.001

0.005

-0.133

-0.137

0.006

0.002

-0.13

-0.135

0.007

0.004

0.003

0.002

0.001

0.002

0.265

-0.011

0.269

-0.007

0.004

0.004

-0.157

-0.148

0.005

0.014

-0.153

-0.147

0.006

0.013

0.004

0.001

0.001

-0.001

0.3

-0.019

0.302

-0.014

0.002

0.005

-0.169

-0.161

0.003

0.011

-0.167

-0.161

0.004

0.007

0.002

0

0.001

-0.004

0.328

-0.011

0.329

-0.013

0.001

-0.002

-0.178

-0.172

0.002

0.008

-0.177

-0.171

0.003

0.01

0.001

0.001

0.001

0.002

0.348

-0.013

0.348

-0.008

0

0.005
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The position measurements in the above table are relative to the initial starting
point in the max X direction. The amplified signals from each quadrant of the
photodiode are plotted and shown in Figure 26.

Figure 26: Inverting op-amp signal vs. position
The measured output form the op-amp difference amplifier is plotted versus the
relative position (shown in Figure 27).

Figure 27: Op amp difference amplifier, signal vs. position
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The measured and calculated output voltages from the op amp summing
amplifiers are plotted against position of the photodiode (shown in Figure 28). The
measured and calculated voltages are very close with a signal error of 0.001+/-0.0014 V
for X and 0.003+/-0.004V for the Y.

Figure 28: Summing amplifiers X-Y signal output
The error associated with each op amp was calculated and is presented in Table 5.
The overall error for any given op amp in the system could be taken as 0.0023 +/-0.001V.
The error in the circuit appears to be acceptable for the measurements performed in this
work.
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Table 5: Average error for each op amp (V)

OA1
OA2
OA3
OA4
OA5
OA6
OA7
OA8
OA9
OA10

3.4.6

Mean Std.
0.0038 0.0046
0.0040 0.0049
0.0024 0.0032
0.0021 0.0028
0.0017 0.0022
0.0010 0.0013
0.0024 0.0033
0.0015 0.0019
0.0010 0.0014
0.0030 0.0040

Curvature signal detection
The schematic of the laser displacement setup used in this work is given in the

literature review section in Figure 3. The detector is based on the zero point detection of
the reflected laser beam by use of a four-quadrant diode. The substrate curvature is
measured by reflecting a laser beam off the surface of the bimorph strip, translating the
stage a known value and determining the displacement on the four-quadrant diode located
approximately 248mm from the sample surface.
The maximum detection of sample curvature was limited by the signal to noise
ratio of the instrument. As the sample flattened out and the radius of curvature increased,
it became more difficult to separate the signal to noise ratio between two adjacent points.
One way to improve the signal to noise ratio was to increase the distance between the two
points. The maximum detection was limited by half of the sample size. Another way to
decrease the signal noise ratio was to eliminate the noise source.
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The signal noise of the instrument was a combination of many sources so it was
important to identify problematic areas and resolve them. The detector was mounted on a
vertical breadboard perpendicular to the X-Y stage. Due to this arrangement, it was
found that stabilizing the vertical optics breadboard using guy-wires significantly
improved the signal to noise ratio. It was also identified that thermal currents were a
significant source of signal noise. As the temperature of the instrument was increased,
thermal currents jostled the sample around. The solution was to place a quartz disk cover
over the heating chamber to reduce vibration due to thermal currents. Other issues were
solved by tightening screws, cleaning lenses and mirrors, etc.
To quantify the signal to noise ratio after all the sources of noise were resolved;
a diode laser was reflected from a flat mirror surface at different temperatures. The signal
was sampled at a rate of 0.01sec for 1 minute and the standard deviation was calculated
in Excel. The results of the experiment are given in Table 6, and plotted in Figure 29.
Table 6: Standard deviation of signal noise at different temperatures
Temp. (°C)
50
75
100
125
150
175
200
225
250
Average
Std. noise (V) 3.05E-04 4.15E-04 4.90E-04 5.53E-04 6.99E-04 9.92E-04 1.05E-03 9.99E-04 9.45E-04 7.16E-04
Std. noise (m) 1.16E-06 1.58E-06 1.87E-06 2.11E-06 2.66E-06 3.78E-06 3.99E-06 3.81E-06 3.60E-06 2.73E-06

Figure 29: Signal noise error
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The resolution limit (accuracy) of the curvature comes from the instruments
ability to detect and clearly separate an analog signal at two separate points along the
sample. This is geometrically shown in Figure 30. When the means of the two signals
are separated by 2-sigma (two standard deviations), only 5% of the two signals are
overlapped. This is sufficient to have a 95% confidence in the signal. The distance D
that the sample needs to translate to detect a signal depends on the curvature of the
sample. For this work, different displacement step sizes were used depending on the
curvature. For highly curved samples, five 20um steps were used and for flatter samples,
either four-200um or 500um steps were used.

Figure 30: Minimal detectable signal from noise
The accuracy of the instrument was calculated for the step sizes using the signal
noise standard deviation as the limiting factor.

Because the calculation is geometric in

nature, the signal to noise in volts was converted to a displacement value in meters
(shown in Table 6). As an aside, the average sample length was 15mm, so the maximum
step size between two points could be 7.5mm but it was only 100um for highly curved
samples and 2mm for flat samples. This is because larger displacements would cause
deflection of the laser beyond the perimeter of the photodiode. Determination of the
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accuracy and maximum detection of sample curvature is calculated in the next section
using the average standard deviation of noise from the temperature range values in Table
6.
3.4.6.1 Accuracy and detection limit of sample curvature
In this section, a short explanation of how curvature is measured is given followed
by calculation of maximum detection and accuracy of the instrument. The displacement
of the spot D on the detector is plotted with the position of the specimen d. For a sample
with constant radius of curvature R, the slope of the line from the plot of d vs. D is 2K,
where

. Using the average standard deviation of signal noise

value from the previous section (Table 6, 2.97um), and the maximum spot separation,
determined by half of the sample length (7.5mm), the maximum detectable radius is:

The instrument should be able to resolve a maximum radius of 1252+/-630 meters.
Holding the step size constant causes the accuracy of the measurement to decrease
exponentially as the radius of curvature increases. This is shown in Figure 31.
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Figure 31: Accuracy curves for two different step sizes (50 & 100um) as a function
of curvature
The limit of the translation stage used to displace the sample were 2um ticks, so the
largest detectable radius in a single 2um step was 0.33+/-0.17m. The step sizes used in
the experiments ranged between 20um and 500um so the largest radii that could be
resolved ranged between 3.34+/-1.7 and 83.5+/-42 meters respectively in a single step.
Using a larger step size e.g. 500um, would give the most accurate measurements at both
small and large radiuses of curvature. However, due to increased deflection as a function
of decreased radius of curvature, using a 500um step on highly curved samples caused
the reflected laser to exceed the linear region on the photodiode and even move beyond
the perimeter of the detector. In this work, the largest radius measured with a 500um step
was ~2m so the accuracy could be considered to be 2+/-0.04m and less for smaller radii.
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4

RESULTS
The following sections provide graphs, tables, and figures for the tape cast

optimization and investigation into mass transport. Each section gives an accurate
account of the experimental findings. The interpretation, analysis, and discussion are
given in the next chapter.
4.1

Tape cast and materials
In this section, selection of the dispersant, binder, plasticizer, and solvent are

given. The selection of the constituents was determined by sintered microstructure and
shear strength results.
4.1.1

Binder study
In this work, multiple binder systems and dispersants were investigated. Tape

formulations to study binders and respective dispersants are given in Table 7. SEM
images of the green and sintered microstructure are shown in Figure 32. Shearing
samples were fabricated from each tape and placed in shear mode. The resulting shear
strengths of the binder study are given in Figure 33.
Binder
Plasticizer
(g)
(g)
PVA
Glycerin
0.6
A1 0.4
PVB
PAG
0.64
A2 0.5
PPC
PC
0.4
A3 2.77
Table 7: Tape formulations
Tape

Dispersant
(g)
PluronicP123
0.16
Steric acid
0.13
Acetic acid 1
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Solvent
(g)
H2O
4.0
Ethanol
3.0
Acetone
10.8

Nanopowder
(g)

%/Metal
81%

5.0
80%
5.0
72%
8.0

Figure 32: SEM of nano tape microstructure before (above) and after (below)
sintering having different binder systems; PVB (a & d), PVA (b & e), PPC(c & f)

Figure 33: Shear Strength of tapes A1, A2, & A3
4.1.2

Dispersant study
The char free microstructure in the tapes fabricated with polypropylene carbonate

seemed an advantageous choice for further formulation optimization studies. Table 8 list
the formulations used for the dispersant study. Figure 34 shows SEM micrographs of the
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resulting microstructures.

TGA was used to quantify the residual char in the tape

formulations and identify the burnout temperature for consolidation. Figure 35 shows the
results of the TGA analysis.

Mechanical testing of each formulation to quantify the

effectiveness of bonding was carried out by shear mode. The results of the shear test are
shown in Figure 36.
Tap
e

Binder(g Plasticizer(
)
g)
PPC
PC 0.05
B1 0.34
PPC
PC 0.05
B2 0.34
PPC
PC 0.35
B3 0.34
Table 8: Tape formulations

Dispersant(
g)
PluronicP12
3 0.3
Steric acid
0.3
Acetic acid
1

Solvent(g Ag(um um/n %/Meta
)
)
m (g)
l
Acetone
92%
1.31
0.6-2 5.6/2.4
Acetone
92%
1.31
0.6-2 5.6/2.4
Acetone
92%
1.31
0.6-2 5.6/2.4

Figure 34: PPC tapes with one of three different dispersants. Pluronic (B1), steric
acid (B2), acetic acid (B3)
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Figure 35: TGA of PPC tapes having Pluronic (B1), steric acid (B2), acetic acid (B3)

Figure 36: Shear Strength of tapes B1, B2, & B3
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4.2

Pre-stressing study
Pre-stressing the tape cast provides a means to increase green strength and

decouple stress from the sintering process. In this study, two formulations were used to
investigate the effects of pre-stressing on nano and micro/nano tapes. The formulations
used in this investigation are given in Table 9. Samples were fabricated as described in
section 3.2. The green and resulting sintered microstructures are shown in Figure 37.
Micron
%Metal
Binder Plasticizer Dispersant Solvent silver Micro/Nano
Tape
(g)
(g)
(g)
(g)
(um)
(g)
PPC
PC
Acetic acid Acetone
90%
0.5
0.06
3.0
2.0
0
0/5.0
C1
PPC
PC
Acetic acid Acetone
95%
0.87
0.11
4.0
3.47
1.3-3.2 12.45/5.33
C2
Table 9: Tape formulation formulations for the pre-stress samples

Figure 37: SEM of green(top row) and sintered (bottom row) microstrucures of
unstressed and pre-stress tapes
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Shrinkage related to pressing force was evaluated on the two formulations in
Table 9. The samples were fabricated as described in section 3.2. On the left hand side of
Figure 38 is an optical image made by placing a half-sintered disk on top of a full green
disk. Graphical software was used to determine the relative difference between the
sintered and green disk. The right hand side of Figure 38 plots the results.

Figure 38: (Left) Optical image of sintered half disks lain over full green disk. F1-0 –
F1-11 are C1 formulation, E-0 – E-11 are C2 formulation. (Right) Percent shrinkage
as a function of pre-stress pressure.
Micro hardness was used to quantify an increase in hardness due to increased prestressing. Samples for this evaluation were fabricated by the method discussed in section
3.2.2. The samples were subsequently tested by the method described in section 3.3.3.
The left side of Figure 39 shows the indent left by the Vickers tip. The right hand side of
Figure 39 is a plot of the hardness values as a function of the pre-stress pressure.
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Figure 39: (Left) Optical image of microhardness indent and subsequent
calculation. (Right) Plot of hardness as a function of pre-stress presure.
4.3

Organic concentration study
Higher organic concentrations increase the flexibility of green tapes making them

more manageable. However, the resulting microstructure becomes increasingly porous
and disjointed. In this study, the organic concentration was varied from 0% up to 48%.
Six tapes were fabricated by the methods discussed in the methods chapter and all were
pre-stressed to 212MPa as described previously. The formulations are listed in Table 10.
Imaging samples fabricated by the method discussed in section 3.2 are shown in Figure
40.

Mechanical testing of each formulation to quantify the effectiveness of bonding was

carried out by shear mode. The results of the shear test are shown in Figure 41.
Tape ID

PPC Slurry
grams

Nanosilver (30-50nm)
grams

Acetic acid grams

Solids loading

1

0

2.5

0

100%

2

1.5

2.5

1.4

88%

3

2.0

2.5

1.4

85%

4

2.5

2.5

1.4

82%

5

5

2.5

1.4

70%

6

10

2.5

1.4

52%
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Table 10: Tape formulations for the organic concentration study

Figure 40: SEM images showing the microstructure of sintered tapes.

Figure 41: Die-attach shear strength
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4.4

Bimodal powder ratio study
The importance of the powder ratio and particle size ratio in bimodal mixtures is

discussed in the literature review section. In this study, four tapes were formulated with a
powder concentration ratio of 70/30 micro/nano, and two tapes had a powder
concentration ratio of 30/70 micro/nano. Each tape had an increasing particle ratio
shown in Table 11. Imaging samples were fabricated by the method discussed in section
3.2 and are shown in Figure 42. Mechanical testing of each formulation to quantify the
effectiveness of bonding was carried out by shear mode. The results of the shear test are
shown in Figure 44. Further investigations of the sheared samples performed by SEM of
the sheared interfaces are shown in Figure 45.
Tape

Binder Plasticizer Dispersant
(g)
(g)
(g)

Solvent
(g)

Micron Micro/Nano %Metal
silver
(g)
(um)
C1
PPC
PC
Acetic
Acetone
0
0/5.0
90%
0.5
0.06
acid 3.0
2.0
C2
PPC
PC
Acetic
Acetone 1.3-3.2 12.45/5.33
95%
0.87
0.11
acid 4.0
3.47
C3
PPC
PC
Acetic
Acetone
4-7
11.2/4.8
96%
0.54
0.07
acid 4.0
2.15
C4
PPC
PC
Acetic
Acetone
635
11.2/4.8
96%
0.54
0.07
acid 4.0
2.15
mesh
C5
PPC
PC
Acetic
Acetone
4-7
4.8/11.2
96%
0.54
0.07
acid 4.0
2.15
C6
PPC
PC
Acetic
Acetone
635
4.8/11.2
96%
0.54
0.07
acid 4.0
2.15
mesh
Table 11: Tape formulations showing bimodal powder ratios
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Figure 42: SEM of pre-stressed (212MPa) of green (top row) and sintered (bottom
row) bimodal microstructures having increasing macro powder sizes

Figure 43: SEM of pre-stressed (212MPa) of green (top row) and sintered (bottom
row) bimodal microstructures having increasing macro powder sizes
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Figure 44: Plot of shear strength as a function of increasing macro powder size

Figure 45: SEM images of shear sample faces
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4.5

Thermal exposure (Abnormal grain growth)
It was assumed that the inchoate microstructure of the silver tape would increase

in density upon extended periods of sintering. Samples, prepared as discussed in section
3.3.7, were exposed to three different time intervals of 1hr, 6hr, and 24hr at 573K and
773K. The resulting microstructures of the profile and surface are shown in Figure 46 and
Figure 47 below.

Figure 46: SEM of silver tape profile showing the change in microstructure over an
extended period time
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Figure 47: SEM of silver tape surface showing the change in microstructure over an
extended period time
4.5.1.1 Abnormal grain growth analysis
A sample of the images used to determine the grain size distributions are shown
below in Figure 48. A plot of the average grain size for each temperature is shown in
Figure 49.
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Average grain size (um)

Figure 48: Three-hour grain growth at a.573K, b.598K, c.623K, d.648K

10
9
8
7
6
5
4
3
300

320

340

360

Temperature °C
Figure 49: Grain size distribution as a function of temperature
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4.6

Modulus of elasticity
The bimorph strip used for this experiment is discussed in section 3.3.6 and is

shown in Figure 50. It can be seen in Figure 50C that over time abnormal grain growth
occurred on the surface of the sample. This was discussed in the previous section.

Figure 50: Bimorph strip sintered at 573K
The curvature of the bimorph strip was measured using the laser displacement
instrument at eleven different temperatures discussed in section 3.3.6. The slopes from
the displacements measurements are shown in Figure 51.
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Figure 51: Slopes of photodiode and stage displacement at different temperatures
The curves of 498 -573K required larger step sizes to increase accuracy as discussed in
section 3.4.6.1. The slope of each curve in Figure 51 was used to calculate the radius of
curvature at each temperature and the values are given in Table 12 below. The resulting
curvatures are used to calculate stress, strain, and modulus of elasticity as a function of
temperature. The values in Table 12 were used to determine the modulus of elasticity of
the porous silver layer.
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Table 12: Calculated radius of curvature
Temperature (°C)
29
75
100
125
150
175
200
225
250
275
300

Radius: (M)
0.200
0.222
0.241
0.332
0.387
0.517
0.699
1.115
2.253
11.345
-2.474

Determination of the modulus of elasticity of the porous silver layer by way of
curvature was accomplished using an analysis of the bimorph strip. The analysis of a bimetallic (bimorph) strip was first performed by Timoshenko[101]. His work presents the
following equation to determine the resulting curvature of a bimetallic strip due to a
thermal change.

(47)
It can be simplified by substituting

(48)
and letting,

(49)
The general equation will be obtained,
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(50)

In this equation, t represents layer thickness where subscript t represents the top material
and subscript b represents the bottom material. The coefficient of thermal expansion is
given by , and the temperature is given by T. The radius of curvature is given by , and
the modulus of elasticity is represented by E.
Before solving equation (50) the zero stress point (temperature) needs to be
determined. It can be seen in Figure 51 that the bimorph sample goes from a positive
curvature to a negative curvature indicating that the zero stress point is between 523K
and 573K. A more accurate method for determining the zero stress point is illustrated in
Figure 52 below.

Figure 52: Zero-stress temperature derivation
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Solving equation (50) using bulk material properties from the literature, the
expected radius of curvature of the bimorph strip was calculated [29]. Next, the radius of
curvature for the bi-morph strip was empirically determined using the laser displacement
instrument. As expected, the two radii had different values. The modulus of elasticity is
significantly affected by the microstructure of the silver layer. Using Excel simplex
method solver and equation (50), the adjusted modulus of elasticity was calculated to be
approximately 2.2 +/-0.23 GPa in the range of RT to 523K. The porosity of the layer was
determined to be approximately 97.46+/-0.02%. The values for determining the modulus
of elasticity are given below in Table 13.
Table 13: Excel table used to determine modulus of elasticity by using simplex
solver

Temperature flat
Temperature curved
Del Temp.
Thickness of silicon
Thickness of silver
Porosity fraction of silver
Strip thickness
CTE of silicon
CTE of silver
Del CTE
Poisson ratio silicon
Poisson ratio silver
Modulus silicon
Modulus silver
I of silicon
I of silver
m
n
Equation (50)
Radius
Empirical Radius

275
29
246
4.3E-05
1.7E-05
2.7E-02

275
75
200
4.3E-05
1.7E-05
3.0E-02

275
100
175
4.3E-05
1.7E-05
3.1E-02

275
125
150
4.3E-05
1.7E-05
2.6E-02

275
150
125
4.3E-05
1.7E-05
2.7E-02

275
175
100
4.3E-05
1.7E-05
2.5E-02

275
200
75
4.3E-05
1.7E-05
2.5E-02

275
225
50
4.3E-05
1.7E-05
2.3E-02

275
250
25
4.3E-05
1.7E-05
2.3E-02

6.0E-05
2.6E-06
1.9E-05
1.6E-05
1.7E-01
3.7E-01
1.3E+11
2.2E+09
6.6E-15
4.1E-16
2.5E+00
5.9E+01
5.0E+00
2.0E-01
2.0E-01

6.0E-05
2.6E-06
1.9E-05
1.6E-05
1.7E-01
3.7E-01
1.3E+11
2.5E+09
6.6E-15
4.1E-16
2.5E+00
5.3E+01
4.5E+00
2.2E-01
2.2E-01

6.0E-05
2.6E-06
1.9E-05
1.6E-05
1.7E-01
3.7E-01
1.3E+11
2.6E+09
6.6E-15
4.1E-16
2.5E+00
5.0E+01
4.2E+00
2.4E-01
2.4E-01

6.0E-05
2.6E-06
1.9E-05
1.6E-05
1.7E-01
3.7E-01
1.3E+11
2.2E+09
6.6E-15
4.1E-16
2.5E+00
6.0E+01
3.0E+00
3.3E-01
3.3E-01

6.0E-05
2.6E-06
1.9E-05
1.6E-05
1.7E-01
3.7E-01
1.3E+11
2.2E+09
6.6E-15
4.1E-16
2.5E+00
5.8E+01
2.6E+00
3.9E-01
3.9E-01

6.0E-05
2.6E-06
1.9E-05
1.6E-05
1.7E-01
3.7E-01
1.3E+11
2.1E+09
6.6E-15
4.1E-16
2.5E+00
6.2E+01
1.9E+00
5.2E-01
5.2E-01

6.0E-05
2.6E-06
1.9E-05
1.6E-05
1.7E-01
3.7E-01
1.3E+11
2.1E+09
6.6E-15
4.1E-16
2.5E+00
6.3E+01
1.4E+00
7.0E-01
7.0E-01

6.0E-05
2.6E-06
1.9E-05
1.6E-05
1.7E-01
3.7E-01
1.3E+11
1.9E+09
6.6E-15
4.1E-16
2.5E+00
6.7E+01
9.0E-01
1.1E+00
1.1E+00

6.0E-05
2.6E-06
1.9E-05
1.6E-05
1.7E-01
3.7E-01
1.3E+11
1.9E+09
6.6E-15
4.1E-16
2.5E+00
6.8E+01
4.4E-01
2.3E+00
2.3E+00

The data in Figure 53 shows how the modulus of elasticity changes as a function of
temperature.

105

E (GPa)

3.0E+09
2.5E+09
2.0E+09
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1.0E+09
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Figure 53: Modulus of elasticity as a function of temperature
4.7

Bending stress
The bending stress can be calculated in one of two ways, either Stoneys formula

or an analysis of a buckled bilayer. The advantage of Stoneys formula is that the
modulus of elasticity of the thin film (silver layer) is not significant and can be discarded.
However, there is a limit to the accuracy of Stoneys formula. The error involved in using
Stoneys equation begins to be significant when the thickness of the coating is 5% or more
then the thickness of the substrate. In this work, the ratio of the silver layer to the silicon
substrate was 34%. However, due to the silver layer being highly porous, both Stoneys
formula and the buckled bilayer were used to determine the stress. The results from each
method indicated a 34% relative error when using Stoneys formula.
4.7.1

Stoneys formula
The bending stress is related to the amount of curvature (R) of the curved bimorph

strip. To calculate the bending stresses

due to curvature, Stoneys equation is used:
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This equation is expressed in section 2.12. The plot in Figure 54 shows the relationship
between curvature and stress.
4.7.2

Buckled bilayer
The bending stress is related to the amount of curvature (R) of the buckled

bilayer. To calculate the bending stress

we can use the expression for a buckled

bilayer:

(51)

In this equation,

is the thickness of the bottom layer and

layer. The Poisson’s ratio is given as

is the thickness of the top

for the bottom layer and

Because the silver layer is very thin, the modulus of elasticity

for the top layer.
can be used as 2GPa

(2.18+/-0.22GPa) determined empirically in the previous section) or 80GPa. Next, we
solve for

and we can find the stress required to bend the bi-morph strip (MATLAB

code is given in appendix A). Using equation (43) and solving for

as a function of R,

we get the curve in Figure 54. The error between the two methods was calculated and the
percent relative error was determined to be 34%.
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Figure 54: Stress of buckled bilayer compared to using Stoneys formula
4.7.3

Calculation of strain
To calculate the amount of strain in the curved bimorph, a few assumptions were

made. The bimorph strip was considered straight at some point between 573Kand room
temperature. The deformation of the member due to CTE mismatch caused pure bending
and the neutral axis was approximately in the middle of the bimorph strip. Considering
these assumptions, the maximum strain (

) was calculated by the following equation.

(52)
Where c is the distance between the natural axis and the outside surface of the silver
layer, and ρ is the radius of the bimorph curvature.
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4.7.4

Bimorph strip thermal cycling
Thermal cycling of thin metallic film bimorphs has been performed by

other groups [102], [103], [104], [105]. The specifications of the sample and procedure
used for this experiment are described in section 3.3.9. Conversion from the empirical
curvature measurement to a value expressed in either stress or strain is described in the
previous section (section 4.7). A modulus of elasticity of 2.18+/-0.22GPa for the porous
silver layer was used to calculate both thermally induced stress and strain. The stress of
the bimorph strip cycled 24 hours apart is plotted in Figure 55 and the subsequent thermal
cycle is plotted in Figure 56. The strain from both cycles is plotted against temperature
in Figure 57 and Figure 58.

Figure 55: Stress during thermal cycle between RT and 573K
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Figure 56: Stress during thermal cycle between 75 and 300C

Figure 57: Strain during thermal cycle of bimorph strip between RT and 573K
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Figure 58: Strain during thermal cycle of bimorph strip between 75 and 573K
4.8

Isothermal annealing
Samples for this experiment were prepared by the method described in section

3.2.5 and the experiment is described in section 3.3.8. The radius of curvature was
measured by the method described in section 3.3.4 and is presented in Figure 59. The
buckled bilayer formula was used to calculate the stress and the results are plotted in
Figure 60. Strain was calculated using equation (52) in section 4.7.3 and the results are
plotted in Figure 61. The strain rates are calculated from the slopes of the curves in
Figure 61 and are used in the discussion section to calculate apparent activation energy.
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Figure 59: Isothermal curvature over time at seven different temperatures

Figure 60: Isothermal stress over time for seven different temperatures
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Figure 61: Isothermal strain over time at seven different temperatures
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5
5.1

DISCUSSION
Binder
Tape casting requires careful selection of an effective binder and dispersant.

Dispersants aid in the deconstruction of large micron size agglomerations that would
hinder tape casting a smooth homogenous film. The dispersant, with the aid of ultrasonic energy delivered by bath, are an effective way to form colloidal slurry. Once
dispersed, a binder is used to stabilize the slurry. The choice of dispersant was
determined by the choice of the binder system i.e. for polar binders a polar dispersant was
used. Using like binders and dispersants prevented segregation and clumping of the
powder. The binders chosen for this study were selected on very basic assumptions. PVB
was considered because it is very common in tape casting and was mentioned by other
investigators. PVA was selected due to its water solubility making it environmentally
friendly. Lastly, it was identified in the literature that organic material in large area die
attaches was difficult to decompose due to limited oxygen diffusion into the
microstructure so PPC was chosen due to its ability to self-decompose.
For this binder study, the SEM images in Figure 32 show significant amounts of
residual organics and trapped carbonaceous char in the two PVA and PVB samples. This
is typically due to insufficient diffusion of oxygen through the microstructure required for
decomposition. From the SEM images, the PPC tape cast showed significant
decomposition with minimal char left in the sample. The organic concentration of each
formulation is given in Table 7, and it shows that tape A3 (PPC) has the lowest solids
loading (percent metal). Despite starting with significantly more organics, after sintering,
tape A3 had the lowest concentration of residual organics. It could be said that the
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excessive organics created larger pores resulting in increased oxygen diffusion, but it is
more likely the fact PPC is self-decomposing and didn’t rely on cross flux
decomposition.
Observation of the microstructure alone could not quantify an effective tape
formulation. Three shearing samples were fabricated from each tape formulation and
placed in shear mode. The individual shear strength for each sample is plotted in Figure
33. The average shear strength for the PVA, PVB, and PPC were 25.6+/-2.5, 19.6+/-1.5,
and 26.6 +/-3.1 respectively. The standard deviation between the averages was +/3.8MPa so it can be assumed the resulting microstructures have approximately (14%
error) the same shear strength. With the shear strength being assumed equal, the lack of
char residue was considered beneficial and PPC was chosen as the binder for further
studies.
5.2

Dispersant
Due to their high surface energy, nano particles readily agglomerate. Necking

between individual particles may result from surface diffusion or monomer adsorption
from the surrounding atmosphere. Other inter-particle forces may arise as well. To
achieve effective dispersion as well as a char free microstructure, selection of an effective
dispersion method was required. Steric stabilization is a simple and effective way to
disperse tenuously agglomerated particles while sonication is used to break apart
agglomerations that are more tenacious. To disperse and prevent particles from
reforming agglomerations, the slurry was stabilized with Pluronic P-123 and a PPC
binder.
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Pluronic P-123 was initially used as the dispersant in this work due to its
availability. From Figure 34, it was determined that Pluronic left residual char so other
dispersants were considered. Typical molecules used for steric stabilization are fatty
acids also referred to as carboxylic acids. Fatty acids range in molecular size from short
(less than six carbon atoms), medium (6-12), long (13-21) and very long (over 21). To
avoid excessive organics in the tape that had no function and would prove to be difficult
to decompose, a balance between chain length and effective stabilization was
investigated. A quick pilot experiment was carried out where silver nano powder was
placed into a small vial of acetone containing one of several fatty acids and was
subsequently sonicated. From the results, it was determined that long to small fatty acids
were capable of dispersing and forming temporary collides. From the results of the pilot
experiment, steric acid (long) and acetic acid (short) were chosen for formulation into
tapes.
The formulations used in the dispersant study are given in Table 8 where it can be
seen that all three tapes were formulated with approximately the same weight percent of
organic and solid silver. Tape B3 was formulated slightly differently than B1 and B2.
B3 had 0.3g more PC (plasticizer) and 0.7g more dispersant. Despite the slight
differences in starting organics between B3 and the other two formulations, the volatile
nature of acetic acid left the finial solid concentration comparable to formulations B1 and
B2.
The SEM images in Figure 34 shows that the tape fabricated with acetic acid
resulted in a char free microstructure while the steric acid and the Pluronic
microstructures have significant residual organics and char residue. Once again, it
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appears that complete decomposition is restricted by hydrocarbon buildup in the porous
structure for tapes B1, and B2. The char free microstructure of B3 could be explained by
the molecular length of acetic acid. Unlike steric acid (18 carbon atoms), acetic acid has
just two carbon atoms and is volatile at room temperature. Once the B3 slurry was cast
into a thin tape, (~400um) a significant amount of the acetic acid evaporated along with
the solvent, which was empirically observed by way of olfaction. Any remaining acetic
acid was quickly evaporated upon heating as shown by the initial slope of the TGA graph
in Figure 35.
Thermal gravimetric analysis of the three dispersant formulations was used to
characterize the decomposition of the organics during sintering. The TGA graph in
Figure 35 identified the onset temperature and rate of decomposition of the organics as
well as the percent of residual char left in the sintered microstructure. Decomposition of
the organic material is indicated by a change in slope on the TGA plot. An abrupt slope
indicates rapid decomposition and evaporation of organic material. Referring back to the
literature review section, nano enhanced sintering occurs at elevated temperatures upon
binder burnout and rapid coalescence. This being the case, tape B1 burns out at a higher
temperature than both B2 and B3. The horizontal line on the TGA plot indicates what
would be the remaining mass after sintering the tape. The char residue of each
formulation is calculated by taking the initial solids loading of silver in the formulation
and subtracting it from the final Wt.% of its respective TGA plot. The residual char for
B1, B2, and B3 was ~1, 2, and 0.6Wt% respectively. To understand why steric acid
leaves behind more char residue than Pluronic requires an investigation into the
decomposition mechanics of each molecule, which is beyond the scope of this work.
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Shearing samples were used once again to quantify the effectiveness of the tape
formulation. The results are plotted in Figure 36. The average shear strengths for B1,
B2, and B3 were 23.6+/-0.6, 21+/-1.0, and 28.6 +/-3.0 respectively. The standard
deviation between the averages was +/-3.8MPa so it can be assumed the resulting
microstructures have approximately (14% error) the same shear strength. Again,
assuming the shear strengths are equal, the lack of char residue was considered beneficial
and acetic acid was chosen as the binder for further studies.
In summary of the binder and dispersant studies, all further experiments reported
in this work use acetic acid as the dispersant and PPC as the binder. PPC is a fully
decomposable organic that produces a char free microstructure when used with acetic
acid. Acetic acid is a small carboxylic acid (2carbon atoms) that effectively aids in
dispersing and homogenizing the nano and micro/nano powders. Individual silver nano
particles carry a slightly positive charge and the addition of an anionic species like acetic
acid penetrates and effectively disperses agglomerated clusters.
5.3

Pre-stressing
The ability to compress a dried tape cast sheet sets it apart from traditional

silkscreen deposition methods. As discussed in the literature review section 2.7, isostatic
or uniaxial pressure applied to a tape cast increases the green density[52]. This has a
significant advantage over solder paste by decreasing micro porosity and increasing the
number of contact points between particles. There are a number of other benefits offered
by using a tape-based approach coupled with pre-stressing as well. They include a slight
increase in shear strength as seen in Figure 44, increased green strength, and it allows for
tape stacking (to control width) just to name a few.
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In typical sintering processes for making parts, some shrinkage is acceptable due
to the predictable nature and resulting increase in density. However, shrinkage is still
considered undesirable and is reduced as much as possible. Using silver nanopowder for
die attach is a sintering process and therefor shrinkage is inevitable. Furthermore, unlike
making unconstrained parts from powder metals that can freely shrink, the die attach
layer is constrained between the DBC and the die. This constriction creates void spaces
in the bonding layer upon sintering. The degree to which voids form depends on the
green density of the die attach preform. Pre-stressing the tape cast appears to be an
effective way to increase the green density.
Some of the typical methods used to decrease shrinkage in traditional power
metallurgy are to compact the powder under high pressure, use minimal organic
lubrication, and use multimodal powder blends to increase the packing factor[50]. When
using silver nanopowder for die attach, some of the shrinkage can be mitigated by
applying the same techniques.
Both a paste and tape based approach can use a multimodal blend but that is
where their similarities end. Tape cast nanopowder sheets can be compacted under highpressure, increasing the green density. This allows the organic binder concentration to be
reduced while maintaining sufficient green strength for processing.
SEM evaluation samples of nano and a micro/nano tapes were prepared by the
method discussed in section 3.2.1. Figure 37 shows the SEM images of the eight
configurations: stressed, unstressed, green, and sintered for each of the two different
tapes. It is very clear from the figure that in both cases (nano & micro/nano) the green
pre-stressed microstructure is denser than the unstressed microstructure. It is not visually
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clear looking at the bottom row of SEM images, that there is a difference in the
microstructures but micro-hardness evaluation confirmed a significant difference. It is
also noted that both the nano and micro/nano sintered microstructures look similar. This
will be discussed further in section 5.5.
Shrinkage evaluation samples were prepared by the method discussed in
section3.2.2. Figure 38 shows the optical results of the sintered samples compared to the
green samples. From this image, it is apparent that the pre-stressing has a reducing effect
on shrinkage. The plot in Figure 38 indicates shrinkage is inversely proportional to prestressing below 135MPa. A direct comparison cannot be made between the nano and
micro/nano sample due to the disparity in organic concentration. However, the nano tape
did have approximately 5% more organic material than the micro/nano tape and it did
show approximately 5% more shrinkage.
Hardness evaluation samples were prepared by the method discussed in
section3.2.2. Figure 39 shows a typical indent created by the Vickers indenter and the
formula of how the hardness was calculated. The right hand side of the figure is a plot of
the hardness for both the nano and micro/nano samples. The hardness is directly
proportional to the pre-stressing up to approximately 135MPa. Both the nano and the
micro/nano tapes hardness values approximately overlap for each pre-stressing pressure.
This is interesting and may be due to the equilibrated microstructure that will be
discussed in section 5.5.
In summary, pre-stressing improves both the mechanical and material properties
of the tape cast. Increased shear strength is shown in Figure 44. Increased green density
is shown in Figure 37. Decreased shrinkage is indicated in Figure 38. Increased
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hardness is shown in Figure 39. Another benefit of pre-stressing will be discussed in the
next section, which is its ability to allow an otherwise tenuous tape cast to be viable.
5.4

Organic concentration
The organic components of the tape cast have vital and complex roles in the

formation of the tape and the resulting microstructure. The dispersant breaks down
agglomerations and stabilizes the slurry. Most of the dispersant evaporates and typically
does not contribute to the final organic concentration. The plasticizer and binder are
responsible for imparting flexibility to the powder compact. The binder also prevents
premature coalescence of the nano particles at low temperatures, which is essential for
nano enhanced sintering. Although the organics are necessary, high organic
concentrations result in unviable tapes. The goal of this study was to find a balance
between the benefits and drawback of the organic concentration.
The microstructures of the tapes used in this study are shown in Figure 40. Image
1 in Figure 40 has a dense, distinctly different micro structure that the rest of the images.
The next three microstructures (2, 3, & 4) are very similar and only vary in organic
concentration by 3% from one to the next. Images 5 and 6 appear to be more rarified
then the rest and had a significantly higher organic content.
Each sample was tested in shear and the results are shown in Figure 41. Sample
one (0% organics) had a lower shear strength than the sample that had 9% organics. This
indicated that besides the previously discussed roles of the organic system, it also
provides some pliability that improves interfacial contact between the tape and the
substrate. The tradeoff between improved interfacial contact and decreased shear
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strength is at approximately 12% organic content. The decreasing shear strength is
inversely proportional to the organic concentration. The SEM images in Figure 40 show
that organic content is directly proportional to the porosity, which explains the decrease
in shear strength.
The results from this study indicated that tapes made with approximately 8%
organic content and pre-stressed to at least 212MPa had the highest shear strength. It
should be noted that tapes with only 8% organic content had low green strength and were
not viable without pre-stressing. Tapes having 15% or more organics had enough green
strength to allow for handling or even stretching of the tape. According to Figure 41, the
effect of organic concentration on the tape cast is inversely proportional to the shear
strength.
5.5

Bimodal powder ratio discussion
Bimodal powder dispersion is discussed in the literature review section 2.5. This

section covers the results of using micro/nano powder dispersion and the effects of
increasingly larger particles on the resulting microstructure and shear strength. The
results, given in section 4.4 are discussed here.
Five bi-modal tapes and one control mono-modal tape was fabricated for this study
and the formulations are given in Table 11. The main difference between C1 (monomodal nano tape) and the other five tapes (C2-C6: bimodal micro/nano tape) was the
increased organic concentration required to make a viable nano tape. Samples C1 and
C2 were used in the previous section to determine shrinkage and hardness effects of prestressing. The results of those experiments indicated that C1 shrunk more than C2 but
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both had relatively close hardness values. The plot in Figure 44 shows C1 (PS) having
slightly higher shear strength than C2 (PS). In Figure 42 it is difficult to distinguish
between the microstructures of C1 and C2. However, based on the shearing data C1 (PS)
forms a stronger microstructure despite having a higher organic concentration. In
addition, in Figure 42 the green microstructure of C1 appears to pack tighter than C2.
Apparently, the concentration of organic material only affects the sintered microstructure
if the organics prevent compaction during pre-stress. This hypothesis is further supported
when looking at the shear strength results of the unstressed samples in Figure 44. Both
C1 and C2 have comparable shear strength when neither is pre-stressed.
The microstructure of C1 and C2 are similar while C3 and C4 are different.
Samples C5 and C6 look like C2 except for the occasional micron particle embedded in a
matrix of nano powder. The similarity in the microstructures is most likely due to an
equilibrium structure that is reach between diffusion and porosity reduction as a function
of time temperature and pressure. The micro powder used in C2 is just smaller than the
equilibrium grain and therefor appears to diffuse into the structure whereas micron
powder in C3 and C4 are much larger than the equilibrium grain size.
The plot in Figure 44 shows the shear strength significantly drops once a particle
larger than 4um is used in a micro/nano ratio of 70/30 wt.% respectively. The reduced
shear strength is directly related to interfacial adhesion issues. This can be seen in Figure
45 where the failure occurs at interface of C3and C4. The two larger particles were
further used in a micro/nano ratio of 30/70wt.% respectively, to mitigate interfacial issues
and identify any benefits of using large particles. The shear strengths of C5 and C6 are
significantly higher than their respective formulations but they are still lower than C2.
123

5.6

Thermal exposure
The TGA analysis indicates the organic binder decomposes at approximately

523K. At this temperature, the powder metal particles begin to coalesce and form a
network of tenuous necks resulting in a porous microstructure. This microstructure
coarsens by atomic diffusion until a metastable equilibrium structure is formed. The
metastable state is discussed in the literature review section 2.7. If the metastable
equilibrium structure is allowed to anneal, abnormal grains appear on the surface of the
tape. This can be seen in Figure 46, Figure 47 and below in Figure 62. At 573K,
abnormal grains begin to appear after 6 hours of annealing while at 773K they start to
appear right away. Just after 1 hour, there are more surface grains on the 773K sample
then after 24 hours at 573K. As presented in the literature review, it is found that lattice
diffusion, grain boundary diffusion and surface diffusion are active above 573K.
However, only surface diffusion is significantly active below 573K. After 24 hours at
773K, the microstructure is completely changed from the metastable structure. This rapid
change in microstructure hints that significant diffusion occurs at elevated temperatures
and that any stress fields will relax due to diffusion, shifting the zero stress point of the
microstructure.
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Figure 62: Abnormal grain growth
5.6.1

Abnormal grain growth analysis
The appearance of abnormal grain growth on the surface of the sintered silver

tape indicates that significant mass transport continues to occur at elevated temperatures
over extended lengths of time. The diffusion of silver at this temperature range has been
reported by others[106]. The abnormal grain growth data collected in this study indicates
increased growth rates as a function of the level of thermal exposure. The micrographs in
Figure 46 and Figure 47 show the surrounding material is being consumed as a function
of time. This indicates that although Figure 49 shows a linear trend of abnormal grain
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growth, the overall trend would eventually be a decayed growth rate. This phenomenon is
even more apparent in Figure 63 below.

Figure 63: Abnormal grain growth showing root and depletion of subsurface grains
5.7

Modulus of elasticity
The two main variables discussed in the literature affecting the modulus of

elasticity are grain size and porosity[107], [108], [109]. An experimentally verified
model by Kim et al. indicated that grain size does not significantly affect the modulus of
elasticity above 100nm for copper, palladium, or iron[109]. However, porosity is
significant in reducing the modulus of elasticity regardless of grain size. The average
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grain size in this work is >1um, indicating that grain size is not a factor affecting the
reduction in the value of the modulus. It is postulated that the porous nature of the
microstructure is mainly responsible for the reduction of the modulus of elasticity but that
other minor geometric factors may also contribute to the reduced value.
The modulus of elasticity (E) was determined by applying a coefficient to
equation (50) and solving for the reduced value. Section 4.6 shows that the average
modulus (E) of the silver tape used in this work could be approximated as 2.18+/0.22GPa in the temperature range of 298 to 548K. A more exact value can be obtained
using the linear regression fit to the data in Figure 53:
(53)
This result is lower than the bulk value for silver and values reported in silver paste work
by others[43][79]. The reduction in (E) was determined to be 97.4+/-.02%. This value
would be significantly reduced to approximately 20% when used for die attach[43].
It is well accepted that the presence of porosity affects material properties
including their modulus of elasticity. To determine the reduced modulus of elasticity, a
common practice is to employ an empirical equation of the form:
(54)
where

is the modulus of elasticity for a porous sample and

is the modulus of a

pore free solid sample. V is the pore volume fraction and b is a constant. The major
problem associated with equation (54) is that it lacks a theoretical explanation for the
reduced modulus of elasticity behavior. Krstic et al. proposed a more comprehensive
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model and postulated an explanation for the reduced modulus of elasticity. Their model
is as follows:

(55)
where

(56)
Here R is the pore radius, v is Poisson’s ratio and S is the annular flaw size. Equation
(55) predicts that a single pore in a fully dense solid will increase the annular crack tip
stress intensity factor whereby increasing the crack opening displacement. This leads to a
significant reduction in the modulus of elasticity[107]. The extent to which this
reduction occurs is governed by the number and size of the pores per unit volume, and
the ratio of S/R.
5.8

Isothermal annealing
The isotherm curves in Figure 59 indicate that an increase in the radius of

curvature is occurring over time. It is postulated that the change in curvature is due to
creep of the silver layer. For traditional creep experiments, the activation energy of the
creep mechanism can be determined by using the Sherby-Dorn equation:

The Sherby-Dorn equation has both stress dependence and temperature dependence parts.
The strain rate is empirically determined by holding the load constant and evaluating
samples at different temperatures. The resulting strain/time curve is nonlinear due to
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strain hardening and reduced cross-sectional area in the primary and tertiary portion of
the curve respectively. Only the linear portion of the experimental strain/time curve is
used (secondary) to determine the strain rate using the Sherby-Dorn equation.
For the case of a bimetallic strip, the strain is dependent on time, temperature and
stress. However, the stress is dependent on the amount curvature, which is also dependent
on temperature and time. As the sample anneals the curvature decreases, the stress
drops, and the strain rate continually decreases. The changing stress in the bimorph strips
is problematic when trying to use the Sherby-Dorn equation to identify the apparent
activation energy and determine a creep mechanism. Because of this, only a fit to the
data is appropriate.
During the isothermal annealing experiments, the stress changed as a function of
time. The empirical data collected from the isothermal annealing experiments was
converted to stress using equation (51) and fitted using a natural logarithm
trend/regression of the form,
(57)
The variables

and

are plotted below for each temperature and fitted by an

exponential trend/regression.
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The resulting stress as a function of both temperature and time is as follows:
(58)
where t is time and T is the temperature. A three dimensional plot of this function is
presented below in Figure 64.
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Figure 64: 3D plot of isothermal curves as a function of temperature and time.
5.9

Thermal cycling
A similar graph to the one in Figure 57 was produced by Flinn et al. in their study

of aluminum-based metallization as a function of thermal history [92]. Their theory
suggests that elastic, and plastic strain as well as stress relaxation account for the
hysteresis in the plot. Another explanation is the Baushinger effect, exhibited by all
metals[78]. The Baushinger effect is observed when the reverse yield stress is lowered
after deformation in one direction is followed by deformation in the other direction. The
theory states strain hardening occurs when dislocations pile up on the slip planes at
defects or grain boundaries. The piling of the dislocations produces a back stress that
opposes the applied stress. When the direction of loading is reversed, the dislocation
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pile-up aids in reversed dislocation movement effectively reducing the required yield
stress. In this work, heat energy is used to apply a load that deforms the silver die-attach
by way of a bimorph strip. As the sample is heated up and cooled down, a thermal stress
is developed due to the different CTE’s of each material.
The model for stress due to thermal expansion in section 2.12 can be used to
predict the expected curvature. Thermal stress results when the thermal expansion of a
material is restrained such as in a bimorph strip. The data from Figure 55 and Figure 56
are plotted below in Figure 65 where a plot of equation (22), using E (Ag) = -2.322E6*T
+2.531E9GPa, (with T in K) is super imposed onto the plot.
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Figure 65: Thermal cycle RT & 348K to 573K
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The shear modules is related to the elastic modulus by,

(59)
where v is the Poisson's ratio. Using the modified elastic modulus effectively reduces the
shear modulus (G) for silver from 30GPa to 795MPa.

It can be seen in Figure 65 that

the stress deviates from the model at approximately 363K and 13 MPa. Assuming
dislocation glide occurs at

[110] and using the modified shear modulus, it

can be postulated that dislocation glide is active below 363K. It appears that during the
cool down cycle around 8MPa and 398K the slope deviates slightly from the predicted
values. This is seen in both thermal cycling plots at the same position. The slight
deviation is possibly due to dislocation creep that typically occurs between
[78]. As the sample cools, any thermally activated stress-relaxing benefit is
diminished while dislocation creep continues. This may indicate dislocation pile-ups are
occurring around this stress and temperature. This is similar to the Baushinger effect and
may explain the hysteresis during the heat-up cycle. On the heat up cycle, dislocation
motion is aided by the dislocation pile up backpressure causing an initial relaxation in the
observed stress. This continues until thermally activated stress relaxation occurs
allowing the bimorph to shift back to the original stress free curve with a zero stress point
of approximately 573K.
A similar explanation is given by William Nix[111]. Figure 65 is reproduced
below in Figure 66 with only the first two thermal cycle plots to show how the bimorph
strip in this work follows Nix’s explanation. The biaxial tension stress in the film at
room temperature is approximately 15MPa at the beginning of the heating cycle. As the
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bimorph strip is heated, the greater thermal expansion of the silver film relaxes the tensile
stress in the layer and later causes the layer to go into a state of compression. During the
initial unloading portion of the curve, the difference in thermal expansion between the
porous silver layer and the silicon substrate are accommodated by elastic deformation of
the silver layer. The slope of the curve in this regime is given by equation (22) and is
simply the product of the difference in thermal expansion coefficients and the biaxial
elastic modulus of the layer. Eventually, biaxial yielding of the film in compression is
observed as a deviation from the thermo-elastic loading line and is shown in Figure 66.
With continued increased heating after yielding, the compressive stress levels out. At
this point, the changing thermal strain is accommodated by compressive plastic
deformation in the silver layer. Nix points out that “the decreasing compressive stress
with increasing temperature is an indication of the expected temperature dependence of
the flow stress”[111]. On cooling from 573K, the compressive stress is first relaxed to
zero as the silver layer thermally contracts more than the silicon substrate. On further
cooling, a tensile stress develops in the silver layer, and once again, the stresses in the
layers are accommodated by elastic deformation of the silver layer. As the tensile stress
continues to develop, plastic deformation in tension starts to occur. This occurs at
approximately 13MPa where the stress once again deviates from the thermo-elastic
loading line. Although the stress temperature curve deviates from the thermal-elastic
loading line, it never reaches a maximum while cooling because “the flow strength
increases with decreasing temperature”[111]. It seems somewhat coincidental that the
final stress after the thermal cycle is the same as the initial but Nix goes on further to
state that “this is not unique to this particular experiment; it is commonly observed for
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metal films on silicon”[111]. Nix also indicates that repeated heating and cooling cycles
result in almost identical stress temperature plots, which has been observed in the this
work too.

Figure 66: Stress temperature plot of the silver/silicon bimorph strip after two
thermal cycles.
5.9.1

Deformation-mechanism map
The Weertman Ashby Map is typically referred to as a deformation-mechanism

map and is a graphical description of the various deformation modes of creep as a
function of stress and temperature. The deformation map is divided into six independent
regions where a polycrystalline can be deformed.
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Above the theoretical shear strength, plastic flow of the material can take
place without dislocations, by glide of one atomic plane over another
Movement of dislocation by glide
Dislocation creep; this includes glide and climb, both being controlled by
diffusion
Nabarro-Herring creep
Coble creep
Twinning; stress-assisted and strain-induced martensitic transformations
The data from the two thermal cycle experiments is plotted in Figure 67 of a
Weertman Ashby Map for pure silver. The plot of data shows that at low temperatures the
sample is in the dislocation glide region and then as temperature increases it falls into the
elastic regime. The normalized tensile stress for the plots of both the heat up and cool
down cycle tend to decrees from left to right and then sharply increase. This is due to
using absolute stress values to avoid negative stress values after the bimorph strip
transitioned from concave to convex. The Weertman-Ashby map shows how deformation
mechanism fields are affected by grain size. The utility of the map is limited to a grain
size of 10um. The microstructure of a sintered nano-silver tape is shown in Figure 68
where it is clear that the average grain size is approximately 1um. From the map, it
appears that the Coble and Nabarro-Herring mechanisms are affected by the grain size. It
is hypothesized that coble creep is active above 473K due to the average grain size being
approximately 1um. Based on the observed trends, the Coble and Nabarro-Herring
mechanisms tend to shift towards lower temperatures as the grain size decreases.
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Figure 67: Weertman Ashby map for pure silver showing how deformation
mechanism fields are affected by grain size. The thermal cycle data is superimposed
on the map.

Figure 68: Sintered Nano silver tape showing grain structure.
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6
6.1

Conclusion
Low temperature sintering tape cast die attach
The use of nanosilver paste as a high temperature die-attach solution has been

shown by others to be effective. Building on their work, this research explores the tape
casting process as an alternative application method. Using tape casting allows for prestressing which in our preliminary study shows great potential for increasing shearing
strength while at the same time reducing the need for high processing pressures. The
ease of handling a tape allows for pick and place, as well as simple insertion into a
functional gradation solution. Moreover, tape casting allows for bimodal dispersion and
3D soldering.
6.2

Mass transport of porous silver thin films
According to the findings from the laser deflection experiments, it is postulated

that the main mechanism for creep in this highly porous structure at low temperatures is
dislocation creep at low temperatures followed by diffusion creep at higher temperatures.
Abnormal grain growth is also active as temperature and time increase. However,
surface area is inherently reduced during stack compression when used as a die attach
indicating a direct reduction between surface diffusion creep and porosity. Furthermore,
it could be the case that using nanosilver tape as a die attach is feasible due to this
reduction in surface area with the caveat that dislocation creep and abnormal grain
growth may still adversely affect the longevity of the die attach.
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7

Recommendations for future work
Nano particle initiated low temperature sintering for bonding semiconductor

devices is still a topic of research in electronic packaging. The work in this dissertation
research extends from the significant groundwork by Guofeng Bai formally of Virginia
Polytechnic Institute. The work in this dissertation research explored a novel fabrication
process and a study into mass transport phenomena but it is far from complete. However,
it does offer industry an alternative to paste base approaches, while pointing out a
significant problem with using only silver for bonding. The author of this work
recommends the following research topics to build upon and improve the lowtemperature sintering technology.
7.1

Implementation of silver tape in applications
In this work, bimorph and mock die attach samples were fabricated for

determining material properties. It would be beneficial and technically important to build
working prototypes that used silver nano tapes as a die attach. A significant amount of
this type of investigation into silver nano paste has already been accomplished and
reported in the literature. However, more studies such as thermal cycling, mechanical
testing, material properties, etc. would support the current findings or delineate silver
nano tape from silver nano paste for better or for worse. To take this work one-step
further, a working circuit should be built. A working circuit for testing in a furnace is
proposed to validate the die-attach layer. Replication of the work by Hunter et al., where
they operated a SiC MESFET amplifier at 773K for 2000 hours[5] would prove
insightful. In their work, they used an Au thick film to secure a SiC die to an alumina
substrate. For future work, the Au thick film would be replaced with silver nanotape.
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7.2

Characterization
It would be beneficial to characterize the material properties of the sintered tape

cast for comparison with that of silver paste and traditional solders. The most common
benchmarks used for comparison are interfacial thermal resistance, specific heat, thermal
conductivity, resistivity, and mechanical properties i.e. shear strength, modules of
elasticity, hardness, coefficient of thermal expansion, and tensile strength. Due to the
porous nature of sintered particles, the resulting sintered free form structure does not have
the same characteristics as its dense bulk state. To complicate characterization even
further, the sintered tape when used as a die attach does not have the same characteristics
as either bulk silver or free standing sintered nanosilver tape. Identification and
measurement of the resulting material characteristics of the sintered structure when used
as a die attach needs to be investigated.
7.3

Modeling and activation energy
Developing a model based on isothermal annealing data that is correlated to

physical phenomena such as atomic diffusion, and dislocation motion would provide a
method to determining stress as a function of time due to thermally activated creep. A
good place to start for the model is based on the maximum stress that develops in a
bimorph strip due to thermal expansion. Looking at the isothermal annealing data, there
appeared to be a rapid decay in stress followed by a long slow decay over time. Based on
observations of the data, the model should include a maximum stress that decays over
time. It is postulated that the decay in stress is caused by diffusion within the atomic
structure and that the diffusion is controlled by the isothermal annealing temperature.
The following model is an incomplete preliminary proposal to predict the stress due to
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isothermal annealing and requires further investigation and explanation of how thermally
activated creep mechanisms play a role at different temperatures.

(60)
In this model, the value of n is a function of temperature and is where the dislocation
density, activation energy and creep mechanism would be defined. The second part of
the model is from the description of stress in a bimorph strip and is previously defined.
Equation (60) was fitted to the empirical data by adjusting n until the function matched
the data. This was done for each temperature range in the data. The resulting values of n
followed a linear form given by:
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Figure 69: Fitted n values for equation (60) as a function of temperature.
A three dimensional plot of equation (60) using the curve fit of n as a function of
temperature is presented below in Figure 70. Further investigation into this model should
provide a way to back out activation energies for different creep mechanisms.
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Figure 70: 3D plot of isothermal curves as a function of temperature and time using
equation (60).
7.4

Functional gradation
Carrying this work forward, we would like to attempt to use our initial concept of

functional gradation of the die attach layer. Figure 71 below shows how we would
implement our silver tape with a traditional solder foil forming a bi-layer that may
provide stress reducing kinetics during thermal cycling.

Figure 71 Formation of functional gradation layer
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One thing to consider when implementing this approach is diffusional effects.
Picking a solder that is immiscible in Ag would be required to avoid forming an alloy.
On the other hand, using an element like Indium may result in a suitable alloy with no
adverse effects. To expound upon using indium, looking at the phase diagram of Ag/In,
Ag can take up to 20% In and retain a high melting temperature. Using an Indium foil
that covers 20% of the perimeter of the die may diffuse with the Ag overtime resulting in
alloy with amenable material properties i.e. lower modules of elasticity.
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APPENDIX A

Modulus of elasticity
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Excel Code:
Temperature flat
Temperature curved
Del Temp.
Thickness of silicon
Thickness of silver
Porousity fraction of silver
Strip thickness
CTE of silicon
CTE of silver
Del CTE
poisson ratio silicon
poisson ratio silver
Modulus silicon
Modulus silver
I of silicon
I of silver
m
n
1/P
Radius

180
25
155
4.30E-05
1.70E-05
0.10
0.00006
2.60E-06
1.89E-05
1.63E-05
1.70E-01
3.70E-01
1.30E+11
8300000000
6.6256E-15
4.0942E-16
2.52941176
1.57E+01
1.06E+01
9.48E-02

180
25
155
4.30E-05
1.70E-05
0.0863
6.00E-05
2.60E-06
1.89E-05
1.63E-05
1.70E-01
3.70E-01
1.30E+11
7162900000
6.6256E-15
4.0942E-16
2.52941176
1.81E+01
9.30E+00
0.107555

180
25
155
4.30E-05
1.70E-05
0.05
0.00006
2.60E-06
1.89E-05
1.63E-05
1.70E-01
3.70E-01
1.30E+11
4150000000
6.6256E-15
4.0942E-16
2.52941176
3.13E+01
5.70E+00
1.75E-01

180
50
130
4.30E-05
1.70E-05
0.10
0.00006
2.60E-06
1.89E-05
1.63E-05
1.70E-01
3.70E-01
1.30E+11
8300000000
6.6256E-15
4.0942E-16
2.52941176
1.57E+01
8.85E+00
1.13E-01

180
50
130
4.30E-05
1.70E-05
0.0975
6.00E-05
2.60E-06
1.89E-05
1.63E-05
1.70E-01
3.70E-01
1.30E+11
8092500000
6.6256E-15
4.0942E-16
2.52941176
1.61E+01
8.66E+00
0.115458

180
50
130
4.30E-05
1.70E-05
0.05
0.00006
2.60E-06
1.89E-05
1.63E-05
1.70E-01
3.70E-01
1.30E+11
4150000000
6.6256E-15
4.0942E-16
2.52941176
3.13E+01
4.78E+00
2.09E-01

180
100
80
4.30E-05
1.70E-05
0.10
0.00006
2.60E-06
1.89E-05
1.63E-05
1.70E-01
3.70E-01
1.30E+11
8300000000
6.6256E-15
4.0942E-16
2.52941176
1.57E+01
5.45E+00
1.84E-01
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180
100
80
4.30E-05
1.70E-05
0.0819
0.00006
2.60E-06
1.89E-05
1.63E-05
1.70E-01
3.70E-01
1.30E+11
6797700000
6.6256E-15
4.0942E-16
2.52941176
1.91E+01
4.59E+00
0.218101

180
100
80
4.30E-05
1.70E-05
0.05
0.00006
2.60E-06
1.89E-05
1.63E-05
1.70E-01
3.70E-01
1.30E+11
4150000000
6.6256E-15
4.0942E-16
2.52941176
3.13E+01
2.94E+00
3.40E-01

180
150
30
4.30E-05
1.70E-05
0.05
0.00006
2.60E-06
1.89E-05
1.63E-05
1.70E-01
3.70E-01
1.30E+11
4150000000
6.6256E-15
4.0942E-16
2.52941176
3.13E+01
1.10E+00
9.06E-01

180
150
30
4.30E-05
1.70E-05
0.0302
0.00006
2.60E-06
1.89E-05
1.63E-05
1.70E-01
3.70E-01
1.30E+11
2506600000
6.6256E-15
4.0942E-16
2.52941176
5.19E+01
6.89E-01
1.451362

180
150
30
4.30E-05
1.70E-05
0.01
0.00006
2.60E-06
1.89E-05
1.63E-05
1.70E-01
3.70E-01
1.30E+11
830000000
6.626E-15
4.094E-16
2.5294118
1.57E+02
2.36E-01
4.23E+00

180
200
20
4.30E-05
1.70E-05
0.05
0.00006
2.60E-06
1.89E-05
1.63E-05
1.70E-01
3.70E-01
1.30E+11
4150000000
6.6256E-15
4.0942E-16
2.52941176
3.13E+01
7.36E-01
1.36E+00

180
200
20
4.30E-05
1.70E-05
0.0263
0.00006
2.60E-06
1.89E-05
1.63E-05
1.70E-01
3.70E-01
1.30E+11
2185722000
6.6256E-15
4.0942E-16
2.52941176
5.95E+01
4.03E-01
2.480457

180
200
20
4.30E-05
1.70E-05
0.01
0.00006
2.60E-06
1.89E-05
1.63E-05
1.70E-01
3.70E-01
1.30E+11
830000000
6.626E-15
4.094E-16
2.5294118
1.57E+02
1.57E-01
6.35E+00

APPENDIX B

Nano-silver / Micro-copper
Materials and method
The tape cast samples in this work were fabricated using commercially available
materials. Silver nano powder was obtained from Nano Amor (#0477YDC, 30-50nm)
and the copper micron sized powders came from Alfa Aesar(325-mesh). PVB came from
Richard E. Mistler, Inc. PPC polymer binder was obtained from Empower (QPAC®40)
and propylene-carbonate (PC) plasticizer from Huntsman (JEFFSOL®PC). The solvent
and surfactant used is lab grade acetone and acetic acid respectively.
The first step in the fabrication process was to reduce the oxide layer on the
copper powder. 5.6g of Cu (325-mesh) powder was placed into a glass vile containing
25ml of acetic acid. The mixture was sonicated and subsequently centrifuged. The
acetic acid was decanted and 25ml of fresh acetic acid was added. This process was
performed three times. After the last decantation, 2.4g of nano Ag was added to the vile
containing the damp etched copper. One gram of a 50/50 solution of acetic acid and
acetone was dropped into the vile and the mixture was mechanically mixed (paint
shaker). After 5 minutes of mixing, two grams of slurry (PC: 2.44%, PPC: 19.51%,
Acetone: 78.05%) was added to the mixture and mechanically mixed for two more hours.
The homogenous slurry was cast at 0.4mm thick and oven dried at 323K for 30 minutes.

Results
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The tapes made for this work were examined and tested by the methods described
in the body of this thesis. The results from the inspection and experiments are shown in
Figure 72.

Figure 72: Shear strength results and SEM images of the nano-silver/micro-copper tapes

Discussion
The shearing results are comparable to those of nanosilver tapes, and slightly
better than the micro/nano silver only tapes. As with all tape formulations, the prestressed tape had a higher shearing strength than the un-stressed form of the tape. It is
postulated that the use of copper increases the shear strength due to it having an
intrinsically larger elastic modulus.
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